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ABSTRACT
Branch and tree sap flux density (SFD) was measured to evaluate the effects of
thinning, fertilization, and throughfall exclusion treatments on water use by loblolly pine (Pinus
taeda L.) trees. Variations in SFD at different radial xylem depths were also examined to
improve estimates of tree water use from sap flux density measured in the outer sapwood.
This study was conducted in an 18-year-old loblolly pine plantation in central
Louisiana in 1999. The results revealed that SFD was higher in the outer xylem than in the
inner xylem and large trees had higher SFD than small trees.
Thinning increased daily tree SFD and whole tree water use four years after retreatment, but decreased stand-level tree water use. Fertilization increased tree SFD, wholetree water use, and stand-level tree water use within the thinned plots.
Throughfall exclusion decreased mean daily water use by branches and trees. SFD
and water use at different levels of scale (branch, tree, and stand) changed with available soil
water and microclimatic factors. Generally, SFD was positively related to photosynthetic
photon flux density and vapor pressure deficit.
Branch SFD was higher in the upper crown than in the lower crown. Fertilization
significantly increased daily branch water use within the thinned plots, but did not significantly
affect branch transpiration per unit leaf area.
This study shows that tree and stand water use is affected by spatial variation in the
canopy environment as well as climatic variables and forest cultural practices. Scaling up
water use, carbon dynamics and growth from needle level to branch-, tree-, and stand levels
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under various global scenarios should account for cultural practice differences, within canopy
variation, and changes in micro-environmental factors. Cultural practices, such as thinning and
fertilization, significantly increased SFD and whole tree water use by accelerating leaf area
development. Correlated changes in other physiological processes eventually alter tree
growth. The ability to model tree and stand growth response through monitoring of whole tree
and branch water use has the potential to substantially improve our understanding of forest
responses to management and climate change and should be useful in policy decision making.
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INTRODUCTION
Loblolly pine (Pinus taeda L.) is the most important commercial softwood
species in the South and the most widely planted southern pine species (Baldwin and
Feduccia 1987). The natural range of loblolly pine extends from Texas eastward to
Florida and northward to Delaware. The main distribution of the species is defined by
an annual actual evapotranspiration value of 1050 mm of moisture in the southern limit
of its distribution and 813 mm in the northern (Schultz 1997). Loblolly pine is the
primary species used for forest regeneration in the southeastern United States. Within
Louisiana, forest products are one of the primary economic resources. Some major
concerns about southern forests include (1) the demand for timber will be greater than
future forests can supply (Schultz 1997), and (2) changing climate will impact future
forests in unknown ways (Joyce et al. 1995). To meet the continuing demand for forest
products and increase forest productivity, examination and understanding of optimum
tree growth and an understanding of the physiological responses to cultural practices
and environmental change in loblolly pine is necessary. Through this understanding of
growth and physiological responses we will be able to predict the effects of stresses and
management, and tailor cultural practices for efficient management and optimum
productivity.
Global warming, potentially induced by the increase in CO2 concentration and
other greenhouse gases such as methane (NH4 ), nitrous oxides (N 2 O), water vapor,
ozone (O 3 ), and chlorofluorocarbons (CFCs), has been the focus of much research
during the past decade. Increased CO2 concentration and temperature may dramatically
alter carbon allocation to roots and shoots and in turn affect the rate of tree growth,
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canopy closure, nutrient demand, and phenological events in forest trees. Increases in
temperature could lead to changes in precipitation patterns and increases in soil
evaporation in the U.S. during the next century (Kaiser and Drennen 1993). As a result,
southern pine forests may experience increased water deficit that limits stand
productivity (Dougherty 1996). Changes in tree and forest water flux are inherently tied
to carbon allocation changes and are likely critical controlling factors. Understanding
the effects of forest management on growth, nutrient demand, and rates of canopy
closure will be critical in understanding impacts of global change and in improving our
ability to avert potential negative effects of global change through our use of cultural
practice.
Previous studies have revealed cultural treatment effects on tree growth and
wood quality. Increased tree growth after thinning and fertilization are mainly
attributed to an increase in tree leaf area (Brix 1981, Binkley and Reid 1984, Vose
1988). Thinning significantly increases individual tree leaf area several years after
treatment (Yu 1996). Thinning improvements in available soil water have also been
reported (Zahner and Whitmore 1960, Sucoff and Hong 1974, Cregg 1990). However,
relatively little is known about how environmental conditions (precipitation, drought)
interact with the effects of thinning and fertilization to modify water flux in forest
stands.
Transpiration is an unavoidable physiological process, which is related to tree
growth and other physiological processes such as photosynthesis and nutrient uptake.
Transpiration rate depends on available soil moisture, xylem structure, canopy leaf area,
and other environmental conditions (Kozlowski 1990). An understanding of the
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transpiration of individual trees and forest stands is a necessary component of
assessment of stand water use. However, it is difficult to quantify the transpiration of
large trees. Few studies have been conducted on the impacts of thinning or fertilization
on whole-tree or stand transpiration, especially for large trees. Techniques to measure
sap flux remain the most economical and practical approach for the direct estimation of
water use by individual trees. The most widely applied techniques are based on the heat
balance principle. Methods for measuring sap flux include the heat pulse velocity
(Edwards and Booker 1984, Hatton and Vertessy 1990), the stem heat balance
techniques (Cemak et al. 1973, Sakuratani 1984), and the constant-heat flow (Granier
1987, Oren et al 1993). The stem heat balance technique measures sap flux directly but
can not be used for large tree measurements. The heat pulse velocity and constant-heat
flow methods can be used in large tree measurements of sap flux density (sap flux per
unit sapwood area), but variation in different positions of xylem need to be considered
for estimating whole-tree sap flux. Variations of sap flux density between outermost
and inner xylem have been reported in some studies (Dye et al. 1991, Phillips et al.
1996, Zang et al. 1996, Oren et al. 1999, Wullschleger and King 1999, Jiménez et al.
2000, Lu at al. 2000)
Hydraulic conductivity varies at different positions in diffuse porous trees
(Zimmermann 1978). From Zimmermann’s study, the leaf-specific conductivity was
higher in the stem than in the branch and the lowest conductivity occurred at the
junction between stem and branch. Zimmermann (1978) suggested that assuming that
all leaves transpire equally, the flow velocities must be higher in the branch than in the
stem. However, how hydraulic architecture varies for loblolly pine within various
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cultural treatments is poorly understood. This study measured sap flux density of
branches within different crown levels and tree sap flux density in different treatments
with a constant-heat flow method in an 18-year-old loblolly pine plantation. Wholebranch and whole-tree water use within cultural treatment and a throughfall exclusion
treatment were evaluated.
The overall objective of this study was to assess the impacts of cultural practice
and throughfall exclusion on sap flux density and water use at different measurement
scales (branch, crown position, tree, and stand).
The specific objectives of this dissertation were to:
1) determine variations in sap flux density at different radial positions in the
xylem and in different sized trees and to develop a predictive relationship
between sap flux density at inner xylem depths and at the outermost xylem
depth (0 to 2 cm);
2) evaluate the effects of thinning and fertilization on tree sap flux density and
whole-tree water use and whole-stand tree water use;
3) determine the impacts of throughfall exclusion and fertilization on branch
and tree sap flux density and water use;
4) evaluate the responses of branch sap flux density and water use to crown
position and to fertilization and throughfall exclusion treatments
5) determine the relationship between sap flux density at branch and tree levels
for later use in model used to scale water use from the branch level to the
tree and stand level; and
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6) determine branch and tree sap flux density and water use under different
micro-environmental conditions (such as photosynthetic photon flux density
(PPFD), vapor pressure deficit (VPD), soil moisture) and seasonal changes.
The results of this study will provide (1) diurnal patterns of branch sap flux
density within the upper and lower crown; (2) diurnal patterns of tree sap flux density
under different treatments; (3) information about whole-tree and stand water use
responses to thinning, fertilization, and throughfall exclusion treatments, (4) baseline
information that will be useful to assess cultural practice effects with event of global
climate change through the scaling of water use from leaf to tree to stand level. The
results will improve our understanding of tree physiology and growth modelling and
refine forest management prescriptions that are designed to improve water availability.
The results from this study will also be helpful in scaling up sap flux density and other
physiological measurements from the needle level to the branch-, tree-, and stand levels
while accounting for micro-environment conditions, vertical variation within canopy,
cultural practices under various global climate change scenarios.
The dissertation includes five chapters. Chapter 1 is a review of literature on
cultural practice and water deficit impacts on tree physiological processes and growth
and on the methods for measuring tree sap flux density. In Chapter 2, the variation of
sap flux density at different radial xylem depths and in different sizes of trees is
evaluated. The relationship between outer xylem and inner xylem sap flux density is
developed to predict inner xylem sap flux density based on sap flux density measured at
the outermost xylem depth and to estimate whole-tree water use. Chapter 3 assesses the
effects of thinning, fertilization, and throughfall exclusion treatments on tree sap flux
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density, tree water use and stand-level tree water use. This chapter also evaluates
seasonal change and micro-environmental effects on tree sap flux density and water use
and assesses the relationship between tree characteristics and tree water use. Chapter 4
evaluates throughfall exclusion, fertilization, and crown level effects on branch sap flux
density and water use within thinned plots. The relationship between tree sap flux
density and branch sap flux density is developed to scale water use from branch level to
tree and stand level. Chapter 5 contains the overall conclusions and suggestions.
Chapters 2 to 4 were written as stand-alone chapters intended to submit to appropriate
journals. Therefore, there is some duplication of materials and methods among these
chapters and the literature review chapter.
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CHAPTER 1
LITERATURE REVIEW
WATER RELATIONS AND TREE GROWTH
Water, especially the availability of soil water, in the soil-plant-atmosphere
system is one of the most important factors controlling the distribution and growth of
forest trees (Brown 1978). Water affects all phases of tree growth, because it is
involved in various vital processes such as photosynthesis, respiration, mineral
nutrition, enzymatic activity and nitrogen metabolism (Kozlowski 1982). Water deficits
reduce tree growth directly through effects on cell turgor that affects cell enlargement
and differentiation, and indirectly through perturbation of various essential
physiological processes. Photosynthetic rates decrease with water deficits and are
caused, at least partially, by stomatal closure, increased resistance to diffusion of CO2 to
the chloroplasts, and decreased enzyme activity (Kozlowski 1990). When leaf water
potential reaches a critical value, between -1.0 and -1.5 MPa in loblolly pine, stomata
begin to close and photosynthesis is reduced (Teskey et al. 1986, Tang et al. 1999c).
Stomatal closure frequently occurs near midday when the transpiration rate exceeds the
rate of water absorption by the roots and the rate of the water movement throughout the
tree. The decreased stomatal conductance may also occur in response to elevated
temperature and decreased relative humidity, thus transpiration rates may drop even
when the amount of available soil moisture is high. Under these circumstances, stomata
often reopen later in the day as the temperature and relative humidity become more
favourable and the water potential of the plant rises due to absorption of available soil
moisture (Kramer and Kozlowski 1979, Kozlowski et al. 1990). Water deficits make
diffusion of CO2 into the leaf more difficult due to increases in various resistances,
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including boundary resistance, cuticular and stomatal resistance, and mesophyll
resistance (Slavik 1975, Kozlowski 1982). Resistances in the mesophyll include
resistance to the diffusion of CO2 gas through intercellular spaces, resistance to the
solution of CO2 at the air-water interface and finally resistance to intercellular
movement of dissolved CO2 (Slavik 1975, Kozlowski 1982). Teskey et al. (1987)
found that the gas phase resistances to CO2 diffusion through loblolly pine needles
remained low throughout applied water stress, suggesting that mesophyll resistance
limits photosynthesis at the intercellular level during moisture stress.
Transpiration is the evaporation of water from plants and involves the
movement of water through the soil-plant-atmosphere continuum. Usually, plant water
relations are dominated by transpiration. High transpiration may cause plant injury,
however, it is ultimately unavoidable because leaf structure that is favourable for the
entrance of CO2 also is favourable for the loss of water vapor (Kozlowski 1990). The
rate of transpiration depends on environmental conditions such as light, temperature,
humidity, vapor pressure gradient, and the relative availability of soil moisture. The
rate of transpiration decreases with water deficits because of stomatal closure, and may
also lead to the inhibition of photosynthesis.
GLOBAL CLIMATE CHANGE AND FORESTS
Global warming induced by the increase in CO2 level and other greenhouse
gases such as methane (NH4 ), nitrous oxides (N 2 O), water vapor, ozone (O 3 ), and
chlorofluorocarbons (CFCs) has been the focus of much research during the past
decade. Mean global surface temperature as projected by global climate models
(GCMs) will increase 2 to 6 0 C within the next century (Schneider 1989, Marx et al.

8

1995, and Joyce et al. 1990). The increasing temperature may cause precipitation and
solar radiation to change over time and to vary among regions (Drennen and Kaiser
1993). Global climate change impacts on agriculture have been modelled in several
studies (CAST 1992, Kaiser and Drennen 1993). The increased temperature and
changed precipitation may have negative effects on agricultural productivity. Forests
are also sensitive to increased CO2 and changed weather, especially moisture.
Precipitation is an important component of climate change that affects forest
composition, structure, and productivity through controls on the supply of soil available
water (Whitehead 1985, Winjum and Neilson 1989). Potential increased levels of
drought will reduce vegetation and provide open niches for invading species from
nearby geographic regions. Competition impacts could be altered by changes in
composition. With global climate change, the potential exists for a shift in the range of
temperature related forest types, such as the highly productive southern pine forest. In
addition to a shift in their range, the productivity of these forests may also be strongly
affected by global climate change. Some projections indicated that global climate
change would cause southern forest decline, biomass reduction, conversion of some
forests to grassland, reduction in species regeneration, and cause a movement of
southern pine species northward (Joyce et al. 1990). From these projections, loblolly
pine may move from areas of relatively deep soil to areas with a relatively high
proportion of shallow and coarse texture soils (Miller et al. 1987). Such a change
would result in productivity declines o on marginal site effects. The seasonal
distribution of precipitation and temperature under climate change could also affect the
wood quality of loblolly pine.
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Global climate change could dramatically change carbon allocation to roots and
shoots and, in turn, affect the rates of tree growth, canopy closure, nutrient demand, and
phenological events in forest trees. Some studies of the effects of soil available water
and effects of carbon dioxide increase on seedlings have been conducted (Groninger et
al. 1995, Lee et al. 1990, Seiler and Casell 1990). Groninger et al. (1995) studied the
effects of elevated CO2 , water stress, and nitrogen level on competitive interactions of
simulated loblolly pine and sweetgum stands and reported that total biomass in loblolly
pine was 14% higher under an elevated CO2 treatment and 9% less under the higher
level of water availability. Sweetgum total biomass increased 33%, 59%, and 39% by
elevated CO2 treatment, higher level water availability, and higher level nitrogen.
There were no significant interaction effects among CO2 , water, and nitrogen level on
either species. Declines in stomatal conductance, photosynthesis and transpiration in
response to water stress in loblolly pine seedlings have been described (Brix 1962,
Seiler and Johnson 1985, Teskey et al. 1986). Seiler and Johnson (1985) found that
water stress significant decreased transpiration by 30% and photosynthesis decreased
with decreasing needle water potential in loblolly pine seedlings. The needle water
potential was 0.45 MPa lower in water stressed loblolly pine seedlings (-1.35 vs. -0.90
Mpa for water stress and control tree). For larger loblolly pine trees, the effects of
simulated water stress induced by throughfall exclusion on tree growth were studied by
Marx et al. (1995). How water stress and cultural treatment affects large tree
physiological processes at the tree level is unknown. Therefore, understanding how
elements of climate change affect large tree physiological processes and forest growth
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and how to reduce the potential negative effects through our use of cultural practices is
critical.
THINNING AND FERTILIZATION TREATMENT
Numerous studies have generally shown that thinning can improve growth of the
remaining trees (Brix 1983, Vose 1988, Marquis and Ernest 1991, Haywood 1994). A
number of studies have also shown that thinning affects environmental factors within
forest stands, such as available soil moisture (Sucoff and Hong 1974, Donner and
Running 1986) and other micro-climate factors (Ginn 1991, Gravatt 1994, Tang et al.
1999b). Sucoff and Hong (1974) found that needle water potentials were higher in the
thinned stands than in the unthinned stands in red pine (Pinus resinosa Ait.), indicating
an increase in available soil moisture after thinning. After a stand thinning, the late
summer water potentials of lodgepole pine (Pinus contorta var. latifolia Engelm) in
Montana were reported to be higher (less negative) in the thinned stands than in the
control stand in the both the first and second year after thinning (Donner and Running
1986). Examining water potential and transpiration in loblolly pine trees following precommercial thinning, Cregg et al. (1990) found that the thinned treatment soils had
higher soil water potential during the midsummer period of each of three years after
thinning, but plant water relations were not affected by treatment. They suggested
changes in canopy leaf area and crown micro-environment caused by thinning were
large enough to offset the improvements in bulk soil moisture resulting in no net effect
on tree water status. In a 43-year-old natural oak forest stand in France, Breda et al.
(1995) suggested that predawn leaf water potential and sap flux density were higher in
trees in the thinned stand than in the closed stand, since more water and energy were
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available. However, Whitehead et al. (1984) showed that few effects of thinning were
observed in a 40-year-old Scotch pine (Pinus sylvestris L.) fourteen years after thinning.
The stomatal conductance was relatively similar, while canopy conductance and
transpiration were slightly higher in the unthinned treatment. Timing is important.
The growth of many trees is limited by nutrient availability, and fertilization
often leads to increases in forest growth rates and forest productivity (Linder and
Axelsson 1982, Vose and Allen 1988, Haywood 1994, Yu et al.1999). Increased forest
productivity in response to fertilization is most often attributed to a fertilization-induced
increase in leaf area. With fertilization, trees develop high leaf areas that are positively
correlated with growth rate and aboveground forest productivity (Brix and Matchell
1983, Vose and Allen 1988, Tang et al. 1999a, Yu et al. 1999). Brix and Mitchell
(1983) studied thinning and fertilization effects on the relationship between sapwood
area and leaf area in Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) over a period
of 5-9 years after treatment. They found that there were significant linear relationships
between sapwood area at breast height and leaf area. They also found that fertilization
treatments significantly affected these relationships. The combination of nitrogen
fertilization and thinning significantly increased the slope of the regression between leaf
area and sapwood area, and the control trees had the lower regression slope. Grier et al.
(1984) also studied Douglas-fir, but did not detect significant differences between the
slopes of regressions for fertilized and unfertilized stands after two growing seasons.
They attributed the lack of slope differences to insufficient time for the post-fertilized
foliage to fully develop. Yu et al. (1999) found fertilization increased leaf area and
volume growth in both individual tree and stand levels during the first three years after
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treatment in a 12-year-old loblolly pine stand. Tang et al. (1999a) pointed out that
fertilization consistently stimulated fascicle needle length, dry weight, and leaf area in
the upper crown. Their study indicated that the thinned-fertilized trees produced
substantially more leaf area per shoot throughout the crown than the thinnedunfertilized trees six years after the thinning and fertilization treatments had been
applied.
The physiological responses of individual trees to fertilization treatment varied
by species. Some studies have revealed that fertilization substantially increases
photosynthesis, nutrient concentrations, and water use efficiency (Brix 1972, Sheriff et
al. 1986), whereas other studies have found little or no effect on those variables
(Mitchell and Hinckley 1993, Teskey et al. 1994, Tang et al. 1999b). Tesky et al.
(1994) reported that although fertilization in a mature slash pine stand statistically
increased the rate of net photosynthesis, the increase in rate of net photosynthesis was
very low (0.14 µmol m-2s-1). They suggested when more nutrients were made available
through fertilization, slash pine trees increased carbon gain almost exclusively by an
increase in leaf area rather than by an increase in rate of net photosynthesis.
Irradiation and air temperature were the environmental factors that exerted the
most control over net photosynthesis rates. Tang et al. (1999b) found that thinning
increased photosynthetic photon flux density (PPFD) and air temperature in the lower
crown foliage of a 13-year-old loblolly pine stand six years after thinning and
fertilization treatment. The lower crown foliage had higher transpiration and stomatal
conductance in the thinned plots than in the unthinned plots. In contrast to thinning,
fertilization decreased within-canopy PPFD and air temperature (Tang et al. 1999b).
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Fertilization increased needle xylem pressure potential, but had no significant effects on
net photosynthesis, transpiration or stomatal conductance. From previous studies on the
same study site, Sword et al. (1996), Yu (1996), Tang et al. (1999a), inferred that
increased foliage within crown in response to fertilization caused mutual leaf shading,
which probably had effects on tree physiological processes.
Fertilization effects have sometimes been correlated with soil moisture changes.
When fertilization was applied in an irrigation treatment, tree growth increased two or
three times compared to an irrigation only treatment (Snowdon and Benson 1992).
Understanding thinning and fertilization effects on tree physiological process and forest
water use in varied environments is necessary.
SAP FLUX DENSITY AND TRANSPIRATION
Transpiration by trees is a key component in the water use of forest stands. The
direct measurement of water use by trees permits the partitioning of this component of
total stand evapo-transpiration from soil evaporation and the loss of intercepted or
condensed water from the canopy. Such estimates are necessary for modelling
biological control of transpiration with respect to evaporative demand, soil water levels,
and canopy wetness (Hatton and Vertessy, 1990). Unfortunately, direct measures of
tree and stand transpiration are difficult and rare. Some canopy transpiration models
based on energy balance parameters with refinements such as soil moisture limitation
parameters or stomatal responses to humidity fail to provide information on the
variation of transpiration among trees within a stand (Werk et al. 1988). Rapid and
effective methods of directly measuring the mass flow of water through the xylem of a
tree, and thus whole-tree transpiration have been developed and tested (Cemak et al.
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1973, Edwards and Booker 1984, Sakuratani, 1984, Granier 1987, Hatton and Vertessy
1990, Oren et al. 1993).
Water movement from soil through the tree to the atmosphere involves different
mechanisms of transport. In the soil and xylem, water moves by bulk flow in response
to water potential gradient. In the vapour phase, movement is primarily by diffusion, at
least until water reaches the outside air, where convection (a form of bulk flow)
becomes dominant. When water transport occurs across membranes, the driving force
is the water potential gradient across the membrane (Taiz and Zeiger 1998). Such flow
occurs when cells absorb water and when roots transport water from the soil to the
xylem. Water movement is largely believed to be a passive process in which water flow
in response to physical forces and no energy is expended directly by the plants to
transport water.
The resistance of water movement in plants has been described using Ohm’s
Law (Van den Honert 1948, Ewers and Cruiziat 1991, Mencuccini and Grace 1996).
From the Ohm’s law electrical analogy, water flux through a path of the soil-plantatmosphere-continuum is analogous to current in an electrical circuit composed a series
of resistances (Ewers and Cruiziat 1991). The total resistance of the tree includes the
root, stem, leaf, stomata, and boundary layer resistances. Ewers and Cruiziat (1991)
described that the flow rate between two points in the plant equals the difference
between water potentials at these points divided by the resistance of the path between A
and B.
FluxAB = (ΨA - ΨB) / RAB

15

(1.1)

where FluxAB is flow rate between points A and B (m3 s-1), ΨA and ΨB are water
potential at points A and B (MPa), and RAB is the resistance of the path between A and
B (MPa m-3s). Hydraulic conductance is the reciprocal of resistance: KAB = 1/ RAB.
The Ohm’s Law analogy is useful to calculate water flux and hydraulic conductance
under constant conditions, because it assumes that the resistance offered by a system is
constant. It requires that the quantity of water transpired from the plant should equal the
quantity of water absorbed by plant roots to maintain or reach a steady state. However,
the steady-state condition is not easy to meet because transpiration changes during the
day and water storage varies in parts of plant. Therefore, it is necessary to measure the
sap flux density during different times in the day and in different sections of plant.
There are several methods to measure sap flux density in trees, such as the heat
pulse velocity technique (Edwards and Booker 1984, Hatton and Vertessy 1990), the
stem heat balance technique (Cemak et al. 1973, Sakuratani 1984), and the constantheat flow (Granier 1987, Oren et al. 1993).
The heat pulse velocity method measures the velocity of the sap flow in plant or
tree xylem (Huber and Schmidt 1932 (cite from Swanson 1994), Cohen et al. 1981,
Edwards and Booker 1984, Hatton and Vertessy 1990, Hatton et al. 1995). A heatingdevice is inserted at a certain distance (D) below a temperature sensor (thermocouple)
in the hydro-active xylem. The velocity (V) is determined by measuring the time
interval (t) between a heat-pulse applied by the heating device and the detection of a
temperature increase at the temperature sensor.
V = D/t

(1.2)
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The conversion from velocity to mass flow rate requires a conversion factor for
the hydroactive xylem size. The real amount of hydroactive xylem and the true distance
between the heat source and temperature sensor are difficult to determine (Pearcy et al.
1991).
The stem heat balance method is a direct measurement of the mass flow of sap,
using a continuous application of heat. This method maintains a constant-heat power,
allowing the temperature difference between sensors above and the below the heater to
vary. An insulated section of stem about as long as its diameter is heated externally at a
constant rate and the heat flux in the radial and vertical direction are measured. Sap
flow is calculated as:
Sap flow = (Qi -Qr –Qu-Qd)/(Cp × dt) g s-1 (1.3)
Where Qi =input power, Qr=radial heat conductance through the gauge to the ambient,
Qu=upper vertical heat conductance, Qd= lower vertical heat conductance, Cp=heat
capacity, dt= temperature increase. This method overcomes the heat pulse method’s
limitation for determining the amount of conducting tissue and can be used to measure
whole plant water flux, but it can be used only on branches or small trees (diameter < 15
cm) (Steinberg et al. 1990). The use of this method is complicated and time consuming
since there is a need to install new units as tree or branch diameter increases. Also this
method is limited in long-term monitoring because it could cause heat damage to the
cambium.
Granier (1985, 1987) improved the method of the constant-heat flow to measure
sap flux density for large trees. This method uses two cylindrical probes with a
diameter of 2 mm and an effective measuring length of 20 mm. The two probes are

17

inserted into the hydroactive xylem of the tree stem with a vertical spacing of 10-15 cm.
The upper probe is heated with a constant energy (200 mWatt DC), which is dissipated
as heat into the sapwood and vertical sap flux surrounding the probe. The lower probe
was left unheated to monitor the ambient temperature of sapwood. Both thermocouples
are connected at the constantan end and thus give an output representing the
temperature difference between the two probes (1 °C = 40 µVolt for copper-constantan
at 20 °C). The sap flux density u (g H2 O m-2 s-1) is calculated as follows:
1.231

u = 119 ((dTmax - dTa) /dTa )

(1.4)

where dTmax is the temperature difference between the probes at zero flux and is
calculated individually for each installed set of probes per day. dTa is the measured
temperature difference at actual xylem flux, and 119 and 1.231 are empirical constants
from the calibration (Granier 1985).
-1

Total sap flux of a tree F (g s ) is estimated by multiplying the xylem sap flux
density by sapwood area:
F= u × SA

(1.5)
2

where SA is the total cross-sectional sapwood area (m ) at the point of insertion of the
heated probe.
Although using heat pulse velocity technique and Granier-type sensors to
measure sap flux density in large trees is simple and practical, an estimate of whole-tree
sap flux based on sap flux density and sapwood area may be incorrect due to variations
of sap flux density in radial xylem positions (Hatton and Vertessy 1990, Hatton et al.
1995, Dye et al. 1991, Phillips et al. 1996, Zang et al. 1996, Oren et al. 1999,
Wullschleger and King 1999). It is necessary to investigate the sap flux density
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variation among xylem profiles within individual trees in different tree species to
correctly scale sap flux density measured in portion of the xylem to whole-tree sap flux.
RADIAL VARIATION IN SAP FLUX DENSITY
Canopy transpiration and forest water use are frequently estimated as the
product of sap flux density and cross-sectional sapwood area. However, for given
species, water conductivity of xylem tissues varies radially within a tree stem as the
conductivity of the sapwood changes or in areas of heartwood formation.
Several studies have shown radial variation in sap flux density exists in woody
species (Hatton and Vertessy 1990, Dye et al. 1991, Phillips et al. 1996, Zang et al.
1996, Oren et al. 1999, Wullschleger and King 1999, Jiménez et al. 2000, Lu at al.
2000). Oren et al. (1999) used Granier-type sensors (constant heat flow method) to
investigate sap flux density variation at two xylem depths (0-2 cm and 2-4 cm) and
among tree sizes (three groups) in 64-year-old trees of Taxodium distichum L. Rich.
growing in a flooded forest. Twelve trees were investigated for radial variation. They
reported that sap flux density at the 2-4 cm depth in the xylem was 40% of that at the 02 cm depth in the xylem and sap flux density in the outer xylem of small diameter trees
was 70% of that in medium and large diameter trees. However, there was no direct
relationship between sap flux density and tree diameter. They inferred that the lack of a
relationship between sap flux density and tree size could be attributed to resin-filled
cells in small trees, which would reduce hydraulic conductance. Kelliher et al. (1992)
found that sap flux density in emergent trees was higher than that in canopy trees in the
forest composed mostly of Nothofagus fusca (Hook. F.). Results suggests that sap flux
density of trees is a response to tree size and to microclimatic factors such as irradiance.
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Zang et al. (1996) conducted a study of two 3-year-old Eucalyptus globulus spp.
globulus (Labill.) trees and reported that, on average, only 78% of the sapwood was
active in water transport. Variability between the two trees studied was high. Lu at al.
(2000) studied the spatial variation in xylem sap flux density of orchard-grown, mature
mango (Mangifera indica L.) trees under changing soil water conditions and in different
directions around the stem. Three trees were selected for measuring radial variation at
four or five depths in the xylem. They found that sap flux density increased from the
outermost depth (0-2 cm) beneath the cambium to the second depth and then decreased
toward the center of the stem. The sap flux density in the inner xylem was only 50%
sap flux density in the outermost xylem. Depth profiles beyond 6 cm below the bark
were much less variable than at shallow depths. Jiménez et al. (2000) measured the
variation in radial patterns of xylem water content and sap flux density of five laurel
forest tree species around midday and during warm and sunny days in February 1998
and reported that radial patterns of sap flux density in laurel trees were highly variable
among trees. In some species the whole xylem conducted water, in some trees only the
outer xylem conducted water but the inner xylem did not. They compared two
dominant and suppressed trees with dense and sparse crown for the species Persear
indica and Laurus azorica and found that sap flux in the inner xylem was connected
with the lower, deeper parts of crown and increased when those crown parts were
exposed to the high irradiance. They suggested that sap flux in the outer sapwood
layers reflected the high transpiration rates in the upper canopy and sap flow in the
inner sapwood layers reflected the low transpiration rates of the partially shaded lower
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canopy. They concluded that suppressed trees had a very small difference in radial sap
flow and had almost uniform transpiration throughout their crown.
In a 12-year-old loblolly pine stand, Phillips et al. (1996) studied radial patterns
of sap flux density in two xylem depths (0-2 cm and 2-4 cm) trees with average
diameter 8.9 cm (range 5.3-13.7 cm) at breast height. They reported that sap flux
density decreased with depth into the sapwood. The daily sap flux density in the inner
sapwood was only 41% of the sap flux density in the outer sapwood. Decreases in
relative water content from outer xylem to inner xylem were observed in loblolly pine.
However, this decrease was small (3% decrease in relative water content), which does
not explain the large reduction in sap flux density with xylem depth. They suggested
that low sap flux density in the inner xylem might be attributed to juvenile wood in the
inner xylem. They estimated that the hydraulic conductivity in juvenile loblolly pine
sapwood was 40% less than that in mature sapwood due to the occurrence of shorter
tracheids in juvenile wood that increases resistance over tree height. Thus, low
hydraulic conductivity of juvenile wood relative to mature wood may be cause of
reduced sap flux density with depth into the xylem. However, Dye et al. (1991) offered
an alternative explanation for why sap flux density declines in xylem near the center of
stems. They argued that the innermost xylem forms early in the life of a tree and
functions as the primary conduit for the supply of water to young branches. These
branches die or become shaded, as a tree gets older. They suggested that the decline in
sap flux density with increasing sapwood depth was not because of age-related effects
on hydraulic conductivity, but because older xylem simply no longer participates in the
supply of water to large transpiring surfaces.
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Wullschleger and King (1999) used the compensation heat pulse velocity
technique to quantify sap flux density at four depths of equal area in 20 yellow-poplar
(Liriodendron tulipifera L.) trees that ranged in stem diameter from 15 to 69 cm. They
found that rates of sap flux density were greatest for probes that were located in the two
outer sapwood annuli and lowest for probes closest to the heartwood. Relative sap flux
density averaged 0.98, 0.66, 0.41, and 0.35 from outer sapwood location to inner
sapwood location. Like Phillips’s study (1996), although there was a significant decline
in sapwood water content between the two outer probe positions; they suggested that
this difference was not sufficient to account for the observed radial variation in sap flux
density. Their study reported that variation between trees was high and the standard
error in estimating the ratio of sap flux density at each measured location to maximum
sap flux density measured at one of the four probe locations decreased as the sample
size increase.
These studies reveal variation exist in radial sap flux density. Variation in sap
flux density between the outermost xylem and inner xylem may be caused by the
connection between xylem position and crown foliage position. The relationship
between tree size and sap flux density in the outermost xylem is not clear. Most studies
have measured variation in sap flux density only at two depths (0-2 cm and 2-4 cm). To
correctly estimate whole-tree water use based on outermost xylem sap flux density and
sapwood area in large loblolly pine trees, the relationships among xylem sap flux
density at different xylem depths and the impact of tree size on sap flux density need to
be studied.
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RELATIONSHIP BETWEEN BRANCH AND TREE SAP FLUX DENSITY
Sap flux density in the tree or branch depends on the hydraulic conductivity of
the xylem, relative leaf area, and available soil water. Based on Poiselle's law, volume
flow rate is:

Volume flow rate =

πr 4 ∆P
8η ∆x

(1.5)

where r is the radius of the pipe (conductive cell), η is the dynamic viscosity of fluid,
∆P/∆x is the pressure gradient that drives the flow. Pressure-driven bulk flow of water
is the predominant mechanism responsible for long distance transport of water in the
plant via the xylem (Taiz and Zeiger 1998).
Hydraulic conductivity varies at different positions in diffuse porous trees
(Zimmermann 1978). From Zimmermann’s study, conductivity is higher in the tree
stem than in the branch, and the lowest conductivity occurred at junction between tree
stem and branch. Tyree and Ewers (1991) found that the leaf specific conductivity
(hydraulic conductivity divided by leaf area distal to segment) was higher in the tree
stem than in the branches.
Sap flux in the tree stem and branches of a 5-year-old pecan tree (Carya
illinoensis Witchita) was compared by Steinberg et al. (1990). A trunk flow gauge
(stem heat balance method) was used in their study. They found that the patterns of sap
flux were similar for tree stem, north branch and south branch. Branches, slightly less
than half the diameter of the main stem, had a total sap flux an order of magnitude
lower than that in the trunk. Sap flux in a south oriented branch was 41% higher than in
a north oriented branch. This effect was attributed to differences in exposure to
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radiation. Cermak et al. (1984) reported that sap flux in shaded crack willow (Salix
fragilis L.) branches was 79% of that in sunlit branches. Hinckley et al. (1970) studied
the within-crown patterns of transpiration, water stress, and stomatal activity in two
open-grown Pacific silver fir (Abies amabilis) and reported that the transpiration
measured on branch oriented southeast and southwest was different. The patterns of
branch transpiration followed patterns of radiation and vapor pressure deficit. In the
morning, transpiration was higher in branches oriented to the southeast than in those
oriented to the southwest, but in the afternoon, this trend was reversed.
Transpiration rate depends on soil available water, xylem structure, canopy leaf
area, and environmental conditions (Kozlowski 1990). The impacts of thinning and
fertilization on fascicle transpiration in the upper and lower crown have been studied
(Nowak et al. 1990, Ginn et al. 1991, Gravatt 1994, Tang et al. 1999b). In a 14-year old
loblolly pine stand, thinning significantly increased fascicle transpiration in the lower
crown. Fertilization had no significant effect on transpiration in the thinned plots, but
reduced transpiration in the unthinned plots due to mutual shading caused by a
fertilization-induced increase in leaf area (Tang et al. 1999b). However, the effects of
cultural treatments on branch transpiration and whole branch and whole-tree water use
in loblolly pine are unknown. Attempts to scale up transpiration from the needle level
to branch- and tree level require knowledge of horizontal and vertical variation within
canopy, cultural treatments, and environment factor effects. Therefore, concurrent
measurements of water transport at multiple scales from the needle level to branch- and
tree level under both cultural treatments and various global change scenarios are

24

necessary and may help us understanding physiological processes at tree and stand scale
(Hinckley et al. 1994, Andrade et al. 1998).
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CHAPTER 2
RADIAL VARIATION IN XYLEM SAP FLUX DENSITY WITH
XYLEM DEPTH AND TREE DIAMETER
INTRODUCTION
Loblolly pine (Pinus taeda L.) is the most commercially important softwood
species in the southeastern United States and the most widely planted southern pine
species (Baldwin and Feduccia 1987). The natural range of loblolly pine extends from
Texas eastward to Florida and northward to Delaware. The main distribution of the
species is defined by an annual actual evapotranspiration value of 1050 mm of moisture
on the south and 813 mm on the north (Schultz 1997). To meet the continuing demand
for forest products and increase stand productivity in the southeast, an examination and
understanding optimum tree growth and water use responses to environmental change
in loblolly pine is important.
Transpiration by trees is a key component in the water use of forest stands. To
evaluate individual tree water transport and eventually scale up to whole stand canopy
transpiration, several methods of whole-tree water use measurement have been
developed (Huber and Schmidt 1937 (cite from Swanson 1994), Cemak et al. 1973,
Edwards and Booker 1984, Sakuratani 1984, Granier 1987, Hatton and Vertessy 1990,
Oren et al. 1993, Phillips et al. 1996, Zang et al. 1996, Wullschleger and King 1999, Lu
et al. 2000). These methods include heat-pulse-velocity techniques (Edwards and
Booker 1984, Hatton and Vertessy 1990), whole-stem heat balance techniques (Cemak
et al. 1973, Sakuratani 1984), and constant-heat methods (Granier 1985, 1987, Oren et
al. 1993, Phillips et al. 1996).
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The heat pulse velocity method measures the velocity of the water flow in the
xylem. The heat pulse velocity is determined by inserting a heating-device in a certain
distance below a temperature sensor in the hydroactive xylem and by measuring the
time interval between a heat-pulse applied by the heating device and detection of a
temperature increase at the temperature sensor. The conversion from velocity to sap
flux density requires a conversion factor for the hydroactive xylem.
The whole-stem heat balance method is a direct measurement of sap flux
without knowledge of the structure and characteristics of the sapwood, using a
continuous application of heat. The heat balance method maintains a constant-heat
power, allowing the temperature difference between sensors above and below the heater
to vary. Sap flux is calculated based on differences between external input power and
heat conductance of an insulated section of stem together with other factors, such as
heat capacity and temperature (Cemak et al. 1973, Sakuratani 1984). The stem-heat
balance method overcomes the heat pulse method’s limitation and can be used to
measure whole-tree water use, but it can only be used on small diameter trees (diameter
< 15 cm) or branches (Steinberg et al. 1990). The method is also limited in long-term
monitoring because it could cause heat damage to the cambium if left on the branch or
stem for a prolonged period of time.
For large trees, the constant-heat flow method has been described and applied by
many researchers including Granier (1985, 1987), Oren et al. (1993), Phillips et al.
(1996), and Lu et al. (2000). The constant-heat flow method uses two cylindrical
probes commonly with a diameter of 2 mm and an effective length of 20 mm. The two
probes are inserted into the hydroactive xylem of the stem with a vertical spacing of 10-
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15 cm. The upper probe is heated with a constant energy and the lower probe is
unheated. Both probes have thermocouples that are connected at the constantan end to
monitor the temperature difference between the two probes. Sap flux density is
calculated based on the temperature difference between the probes at zero flux and at
actual sap flux (Granier 1985, 1987, Pearcy et al. 1991, Oren et al. 1993, Phillips et al.
1996). Whole-tree water use is generally estimated by multiplying the sap flux density
by the sapwood area.
Several studies have shown that radial variation in sap flux density exists among
woody species (Dye et al. 1991, Phillips et al. 1996, Zang et al. 1996, Oren et al. 1999,
Wullschleger and King 1999, Jiménez et al. 2000, Lu et al. 2000). Oren et al. (1999)
used Granier-type sensors to investigate sap flux density variation at two xylem depths
(0-2 cm and 2-4 cm) and among tree sizes in 64-year-old Taxodium distichum (L.
Rich.). They reported that sap flux density in small diameter trees was 70% of that in
medium and large diameter trees, and sap flux density at the 2-4 cm depth in the xylem
was less than at the 0-2 cm depth in the xylem. Zang et al. (1996) conducted a study of
two 3-year-old Eucalyptus globulus spp. globulus (Labill.) trees and reported that, on
average, only 78% of sapwood was active in water transport. Variability between the
two trees they studied was high. Lu et al. (2000) studied spatial variation in sap flux
density in the stem of orchard-grown, mature mango (Mangifera indica L.) trees. Three
trees were selected for measuring the radial variation in sap flux density at four or five
depths within the xylem. They found that sap flux density increased from the outermost
depth (0-2 cm) beneath the cambium to the second depth (1.5-3.5 cm) and then
decreased toward the center of the tree stem. The sap flux density in the inner xylem
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was 50% of that in the outermost xylem. Depth profiles of sap flux density beyond 6
cm below the bark were much less variable than at shallower depths. Jiménez et al.
(2000) measured the variation in radial patterns of xylem water content and sap flux
density in five laurel forest tree species around midday on warm and sunny days in later
February 1998. Their results showed that water content was almost constant over the
whole xylem cross-sectional area for all studied laurel forest tree species. But the radial
patterns of sap flux density were highly variable and did not show a clear relationship
with tree diameter or species. Sap flux occurred over the whole cross-sectional area in
some species but only occurred in outer part of sapwood in others. Suppressed trees
had low sap flux density with little variation in radial pattern; whereas, dominant trees
exhibited high sap flux density with greater variation in radial pattern.
For loblolly pine, few, if any studies, have measured radial variation of sap flux
density across tree sizes. Shelburne et al. (1993) pointed out that sapwood permeability
of loblolly pine decreased with increasing distance from the bark. Phillips et al. (1996)
studied radial patterns of xylem sap flux in a 12-year-old loblolly pine stand and
reported that sap flux density decreased as sapwood depth increased. The daily sap flux
density in the inner sapwood was only 41% of the outer sapwood measurement.
However, they only measured the variation in sap flux density at two depths (0-2 cm
and 2-4 cm). For large trees, the relationship of sap flux density among different xylem
depths and the impacts of tree size on xylem sap flux density are unknown.
To accurately scale up forest water use or canopy transpiration from individual
tree water use, it is necessary and critical to identify the sap flux density variation at
different depths in the xylem within trees and the variation of sap flux density among
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different size trees. The identification of radial profiles of sap flux density may also
provide insight into physiological adaptations of water storage and water movement in
trees.
The objectives of this study were to: (1) determine radial variation in sap flux
density of loblolly pine; (2) assess the relationship between tree size and sap flux
density; and (3) use the above information and relationships to produce a model to
estimate whole-tree water use from sap flux density measurements.
MATERIALS AND METHODS
Study Site
This study was conducted in an 18-year-old loblolly pine (Pinus taeda L.)
plantation on the Johnson Tract, of the Palustris Experimental Forest, in Rapides Parish,
Louisiana (310 07’N, 930 17’W). Mean annual temperature is 18.9 0 C and mean annual
precipitation is 1385 mm (54.48 in). The precipitation in 1999 was 1103 mm. The soil
on the site is a Beauregard silt loam (fine-silty, siliceous thermic Plinthaquic Paleudults)
(Kerr et al. 1980). The loblolly pine plantation was established in May 1981 from
fourteen-week-old loblolly pine seedlings planted at a spacing of 1.82 m by 1.82 m for a
density of 2990 trees per hectare. The understory hardwood trees, shrubs and Rubus
spp. were removed from between the rows of established pine trees with a mower.
Twelve research plots, uniform in terms of tree size and spacing, were established
within the plantation in the fall of 1988. Half of these plots in the stand were thinned in
fall 1988 and re-thinned in March 1995. Stand density averaged 512 trees per hectare in
thinned plots and 2433 trees per hectare in unthinned plots in summer 1999. The tree
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diameter at breast height (1.37 m) in the stand ranged from 10.16 cm (in unthinned
plots) to 30.23 cm (in thinned plots) measured in summer 1999.
Sap Flux Density
Sap flux density (g H2 O m-2 s-1), expressed on a per unit sapwood area basis,
was measured at the different depths within trees and for different tree sizes during the
period from August 16 to September 30 1999 with the constant-hea flow method
described by Grainer (1985, 1987). All live trees in the stand were divided into five
four-cm diameter classes that represented the 10-14, 14-18, 18-22, 22-26, and 26-30 cm
diameter ranges. Two trees from each diameter class (10 total trees) were selected
randomly for measuring stem sap flux density at different xylem depths (Figure 2.1).
The Granier-type sensors with different length probes (2 cm, 4 cm, 6 cm, 8 cm, 10 cm,
12 cm, and 14 cm), each containing a 2-cm effective measuring length at the tip of the
probe, were made for measuring sap flux density at different xylem depths. For the
largest tree diameter class (mean DBH of 28 cm) in this study, seven pairs of probes
were inserted into the stem at measurement depths of 0-2, 2-4, 4-6, 6-8, 8-10, 10-12,
and 12-14 cm beneath the cambium. Probes are inserted by alternating long and short
probes from different radial directions to maximize the distance between probes and
therefore, limit potential thermal interference between probes at the tree breast height
(Figure 2.2). Silicon grease was coated around the probes before inserting them into the
tree stem. The grease filled excess space in the drilled holes to assure thermal contact
between probes and xylem. Reflective mylar sheeting was applied around the tree stem
to cover the sensors, protecting them from rainfall and the effects of radiant heating and
convective heat loss. The same installation procedures were applied to trees in all
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Tree Stem

Bark
Depth 3 sensor (4-6 cm)

Depth 1 sensor (0-2 cm)

Depth 2 sensor (2-4 cm)

Depth 4 sensor (6-8 cm)

Bark
Center of tree stem

Figure 2.1. Diagram of constant heat sap flux sensors as typically installed at four
depths for each 2-cm interval within a 16 cm diameter tree measured at breast height
(1.37 m above ground).
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Figure 2.2. Seven pairs of Granier-type sap flux sensors were installed in a 28 cm
diameter loblolly pine tree at breast height (1.37m above ground).
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remaining diameter classes, but the number of measurement depths was reduced by one
in each successively smaller diameter class. To prevent heat damage xylem during zero
flux at night over the period of measurement, power was provided to heat sensors only
during 04:00 am to 10:00 pm (CST) each day. Signals from the sap flux sensors were
scanned and recorded by multi-channel EnvLogger (Figure 2.3, Louisiana State
University, School of Renewable Natural Resources designed and built) every 30
minutes during the study period.
Sap flux density (SFD, g H2 O m-2 s-1) was calculated based on the temperature
difference between upper and lower probes using an empirical relationship validated for
several woody species (Granier 1985, 1987, 1992, Phillips et al. 1996, Oren et al. 1999,
Lu et al. 2000)
1.231

SFD = 119 ((dTmax - dTa) /dTa )

(2.1)

where dTmax is the temperature difference between the probes at zero flux and is
calculated each day; dTa is the measured temperature difference at actual xylem flux,
and 119 and 1.231 are empirical constants from the calibration (Granier 1985).
Radial Variation in Sap Flux Density
To accurately estimate water use at the whole-tree level and scale up tree water
use to the stand level from the sap flux density of individual trees, an understanding the
radial variation of sap flux density at different xylem positions within a tree and the
effects of tree size on whole-tree sap flux density is necessary. According to Granier’s
-1

(1987) equation, total tree water flux F (g s ) can be estimated by multiplying the
xylem sap flux density by sapwood area:
F = SFD × SA

(2.2)
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where SA is the cross-sectional sapwood area (m ) at the point of insertion of the heated
probe. However, if sap flux decreases with depth, estimates of whole-tree water use
from sap flux density measured at the outermost xylem and total sapwood area of the
tree would be overestimated. Therefore, it is necessary to modify the above equation to
account for sap flux density at each successive measurement depth. Whole-tree water
use could then be estimated by the following equation:
n

F=

∑ (SDFi × SAi)

(2.3)

i=1

where SDF i is the sap flux density at the ith depth;
i is measurement depth from the outermost to inner xylem for each 2 cm interval
and numbered from 1 to n (l is the first depth beneath cambium (0-2 cm));
SAi is the cross sectional sapwood area measured by the heating probe at the ith
depth and is calculated as (assuming circular cross sectional area):
SAi = πr2 - π(r-2×i)2 -

i−1

∑
j =0

i−1

SAj = 4πi(r-i) - ∑ SAj

(2.4)

j =0

Since measuring xylem sap flux density of the interior sapwood is much more difficult
than measuring xylem sap flux density of the outermost sapwood, and measurement at
multiple depths is much more expensive and time consuming, a predictive relationship
between sap flux density in the outermost (0-2 cm) and inner xylem (other depths) was
developed.
Tree and Environmental Measurements
Tree height and diameter at breast height (1.37 m above ground) were measured
at the beginning of the experiment. Tree leaf area (total surface are) was predicted
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Figure 2.3. Multi-Channel EnvLogger used to acquire sap flux data at the Palustris
Experimental Forest research site on the Kisatchie National Forest near Elmer,
Louisiana.
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based on sapwood area at breast height from the equation developed for trees on these
plots (Yu 1996).
TLA (m2 )= -34.57 + 0.57 × SA

(2.5)

r2 = 0.81
where TLA is total tree leaf area and SA cross-sectional sapwood area. Tree projected
leaf area was calculated by total tree leaf area multiplied by the ratio of projected leaf
area to total surface leaf area (Yu 1996).
Twenty increment cores were taken from the ten sample trees, two from each
sample tree at right angles from each other at breast height and were taken to laboratory.
Heartwood presence was checked from increment cores using an ultraviolet light source
(UVL-21, SAN GABRIEL, CA, USA) and tree bark thickness was measured.
Ninety-six temperature and light sensors were placed in the upper, middle, and
lower crown within the stand (48 each for temperature and light). Photosynthetic
photon flux density (PPFD) and air temperature were continuously recorded by a
computer-controlled data acquisition system every 15 minutes. Rainfall was measured
with Tipping Bucket Raingauge that was installed in the open field near the stand
(Model 2501 Rain Gauge, Sierra-Misco, Inc.).
Statistical Analysis
Mean midday sap flux density was calculated based on the average of sap flux
density from 10:00 am to 2:00 pm for each measurement depth within each sample tree.
Analysis of variance (ANOVA) was used as a primary method to test significant
differences of mean midday sap flux density at different depths and with different tree
sizes (tree diameter classes) by PROC GLM in the SAS system (SAS V 6.12, SAS
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Institute Inc. Cray, NC. USA). Because the number of depths varied by tree size, the
largest trees had seven measurement depths (0-2, 2-4, 4-6, 6-8, 8-10, 10-12, 12-14 cm),
and the smallest trees had three measurement depths (0-2, 2-4, 4-6 cm), the interaction
of tree size and measurement depth on mean maximum sap flux density was tested
using five tree diameter classes and three common measurement depths (0-2, 2-4, 4-6
cm). If the interaction of tree size and measurement depth was significant, the simple
effects of tree size and measurement depth on mean midday sap flux density were tested
(Stehman and Meredith 1995). If mean midday sap flux density was significantly
different among depths, then sap flux density between each depth was tested with the
specified contrasts (Freund and Wilson 1993). Tree size effects on mean midday sap
flux density of the outermost xylem (0-2 cm) was examined using one way ANOVA. If
the F-test was significant, the multiple comparison and contrast methods were used to
test for significant differences between diameter classes and groups of diameter classes.
The multiple regression to predict the sap flux density at the inner xylem depths
from the sap flux density measured at the outermost xylem depth was developed
through PROC REG in the SAS system (SAS V 6.12, SAS Institute Inc. Cray, NC.
USA). Tree size and xylem depth effects on the regression were tested using the
stepwise procedure. A statistical significance level of 0.10 was chosen.
RESULTS
General Patterns
The diameter, height, sapwood area, and estimated leaf area of the sample trees
are shown in Table 2.1. Heartwood was not detected in sample trees. Therefore,
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Table 2.1. Characteristics of individual sample trees in an 18-year-old loblolly pine
plantation in central Louisiana in 1999.
DBH1
(cm)

Diameter
Class #2

Tree height
(m)

Sapwood
area3
(cm2 )

Tree leaf
area4
(m2 )

Crown
length5
(m)

28.57

1

19.90

596.68

91.61

11.74

27.94

1

18.44

561.29

85.61

9.29

25.26

2

18.61

454.42

67.34

11.40

23.88

2

18.47

410.94

59.90

8.38

20.83

3

20.90

314.94

43.49

7.50

20.07

3

21.46

285.47

38.44

7.01

15.75

4

18.78

180.18

20.43

7.53

14.23

4

18.35

184.48

21.17

6.82

12.44

5

14.63

106.36

7.82

1.65

11.71

5

15.15

96.89

6.20

1.28

1

Diameter at breast height (measured at 1.37 m above ground)
Diameter Class #: 1 = tree diameter between 26 and 30 cm;
2 = tree diameter between 22 and 26 cm;
3 = tree diameter between 18 and 22 cm;
4 = tree diameter between 14 and 18 cm;
5 = tree diameter between 10 and 14 cm.
3
Cross-sectional sapwood area of trees
4
Leaf Area = projected leaf area of trees based on an equation derived by
Yu (1996) and ratio of projected leaf area to total surface leaf area for trees at the
same site.
5
Crown length measured from the base of live crown to the top of main stem.
2
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sapwood area in this study is represented by the difference between basal area and tree
bark area at breast height (1.37m above ground).
The diurnal patterns of sap flux density (SFD, g H2 O m-2 s-1), expressed as water
loss in per unit sapwood area per unit time, at different depths are similar for all study
trees regardless of tree size. Typical diurnal patterns of SFD at all xylem depths and
different tree sizes generally followed a bell-shaped curve on sunny days (Figure 2.4).
SFD was low during early morning and increased as photosynthetic photon flux density
(PPFD) increased. On sunny days, SFD reached or approached maximum by late
morning and remained high during early afternoon, followed by a decline in the late
afternoon as PPFD decreased. On day 256, SFD showed a sharp decrease at noon as
clouds reduced PPFD from 740.1 to 134.5 µmol m-2 s-1.
Variation of Sap Flux Density by Radial Xylem Position within Trees
Mean midday SFD (10:00 am to 2:00 pm, CST) significantly varied by xylem
depth and tree size (Table 2.2). There was a significant interaction between xylem
depth and tree size. Mean midday SFD at 0-2 cm depth significantly differed from
mean midday SFD at all other inner measured depths in trees of diameter classes 1 to 4.
For the largest tree size (diameter class 1), mean midday SFD at measurement depths of
2-4 cm, 4-6 cm, 6-8 cm, 8-10 cm, 10-12 cm, and 12-14 cm was 41.8%, 47.5%, 57.4%,
62.6%, 66.8%, and 71.6% less than SFD at the measurement depth of 0-2 cm,
respectively. Mean midday SFD at measurement depth of 2-4 cm was also significantly
different from SFD at measurement depths of 6-8 cm, 8-10 cm, 10-12 cm, and 12-14
cm, but was not significantly different from SFD at measurement depth of 4-6 cm
(Figure 2.5). Mean midday SFDs at other depths were not significantly different
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Figure 2.4. Typical diurnal patterns of temperature and photosynthetic photon flux
density (PPFD) (A) and mean tree sap flux density in tree diameter class 1 (26-30 cm)
(B), diameter class 3 (18-22 cm) (C), and diameter class 5 (10-14 cm) (D) from day 254
to day 257 (9/11-9/13), symbols represent measurement depths.
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Table 2.2. ANOVA probability values for mean midday sap flux density of 18-year-old
loblolly pine trees in central Louisiana for different tree sizes and at different xylem
depths for days 254 to 273 (except rainy days 271 and 272).

ANOVA1 sources

df2

Sap flux density
P-value

Tree Size3

4

0.0001

Depth4

2

0.0001

Tree Size × Depth

8

0.0896

1.

Analysis of variance
Degrees of freedom
3.
Classified by diameter class measured at 1.37 cm above ground.
4.
Xylem depth
2.
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Figure 2.5. Mean midday sap flux density at different measurement depths in tree
diameter class 1 (26-30 cm) (A), tree diameter class 3 (18-22 cm) (B), and tree diameter
class 5 (10-14 cm) (C) for days 254 to day 273 (except rainy days 271 and 272).
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from each other. There were similar trends for the other three diameter classes
(diameter class 2 to class 4). However, no significant differences in mean midday SFDs
among depths were found in small trees (diameter class 5).
Variation of Sap Flux Density among Tree Sizes
The typical diurnal patterns of SFD at the 0-2 cm measurement depth in
different tree sizes are shown in Figure 2.6. Mean midday SFD at the 0-2 cm
measurement depth during study period was significantly different among most tree
sizes (Table 2.3). Mean midday SFD at the measurement depth 0-2 cm in diameter
class 1 trees did not significantly differ from that of the diameter class 2 trees, but did
significantly differ from that of trees in smaller diameter classes (Table 2.3). Mean
midday SFD at the 0-2 cm measurement depth in diameter class 3 trees was not
significantly different from that of the diameter class 4 trees. The trees in smallest
diameter class had lowest mean midday SFD at measurement depth 0-2 cm (Table 2.3
and Figure 2.7). Figure 2.7 shows the pattern of mean midday SFD at different depths
and for different tree sizes. Trees in diameter class 1 and diameter class 2 have similar
mean midday SFD patterns. Both diameter class 1 and diameter class 2 trees have the
highest mean midday SFD compared to other diameter classes at all depths. Mean
midday SFD of the diameter classes 3 and 4 trees were lower than mean midday SFD in
the diameter class 1 and 2 trees, but were higher than mean midday SFD of the diameter
class 5. The SFD of the diameter class 5 was the lowest at all depths.
Relationships between Sap Flux Density at the Inner and Outer Xylem Depths
Measurement of SFD at all xylem depths and for all trees in a stand to estimate
whole-tree water use and stand-level tree water use is impractical. The relationship
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Figure 2.6. Typical diurnal patterns of sap flux density measured at the 0-2 cm
measurement depth for tree in diameter class 1 (26-30 cm), class 2 (22-26 cm), class 3
(18-22 cm), class 4 (14-18 cm), and class 5 (10-14 cm).
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Table2.3. ANOVA probability values for mean midday sap flux density of five diameter
classes1 of 18-year-old loblolly pine trees measured at the 0-2 cm depth for days 254 to
273 (except rainy days 271 and 272).
ANOVA2 sources

Tree Size4

df3

Sap flux density
P-value

4

0.0163

1
1
1
1
1
1
1
1
1
1
1
1
1

0.6072
0.0241
0.0357
0.0032
0.0476
0.0615
0.0052
0.8531
0.0901
0.0705
0.0110
0.0022
0.0527

Contrast:
Class 1 vs. Class 2
Class 1 vs. Class 3
Class 1 vs. Class 4
Class 1 vs. Class 5
Class 2 vs. Class 3
Class 2 vs. Class 4
Class 2 vs. Class 5
Class 3 vs. Class 4
Class 3 vs. Class 5
Class 4 vs. Class 5
Class 1&2 vs. Class 3&4
Class 1&2 vs. Class 5
Class 3&4 vs. Class 5
1

Class #: 1 = tree diameter between 26 and 30 cm,
2 = tree diameter between 22 and 26 cm,
3 = tree diameter between 18 and 22 cm,
4 = tree diameter between 14 and 18 cm,
5 = tree diameter between 10 and 14 cm.
2.
Analysis of variance
3.
Degree of freedom
4.
Classified by diameter class measured at 1.37 cm above ground.
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Figure 2.7. Mean midday sap flux density (10:00 am to 2:00 pm, CST) at different
measurement depths in the xylem for tree diameter Class 1 (26-30 cm), Class 2 (22-26
cm), Class 3 (18-22 cm), Class 4 (14-18 cm), and Class 5 (10-14 cm) for days 254 to
273 (except rainy days 271 and 272).
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of sap flux density between the outermost measurement depth and the inner
measurement depths in the xylem was developed to estimate inner xylem SFD from
measured SFD at the 0-2 cm measurement depth. SFD at the inner xylem depths was
positively and linearly related to SFD at the outermost xylem depth 0-2 cm (Figure 2.8).
As SFD at the 0-2 cm depth increased, SFD at the inner measurement depths also
increased, but rates of increase were less.
A multiple regression equation was developed to predict SFD at each inner
depth in the xylem based on SFD at the outermost xylem depth 0-2 cm and included
tree diameter class, depth, and the interaction of tree diameter class and depth. The data
set included mean SFD at the outermost xylem depth and mean SFD at the inner xylem
depths for each of five tree diameter classes. Since the data suggested no "transpirationdriven" sap flux occurred at night in loblolly pine, the regression was forced through the
origin. The developed multiple regression was as follows:
SFDj_inner = 0.5122⋅(Ti) - 1.0116⋅(Dj) - 0.0302⋅(TiDj ) + 0.3896⋅(SFDouter)

(2.6)

(n = 5250, r2 = 0.92, Root MSE=2.01)
Where Ti = tree size expressed as tree radius as 6, 8, 10, 12, and 14;
Dj = jth xylem depth expressed as 2, 3, 4, 5, 6, 7;
TiDj = interaction of tree size and xylem depth; SFDouter = sap flux density at the
outermost xylem depth 0-2 cm (1th depth);
SFDj_inner = sap flux density at the jth depth of xylem within the ith tree size.
When using this equation to predict inner xylem SFD, the midpoint of each
diameter class was used. For example, if tree diameter is between 10 and 14 cm then
average is 12 cm and Ti is 6. To predict SFD at the 2nd depth (2-4 cm beneath the
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Figure 2.8. The relationship between mean sap flux density at the outmost measurement
depth (0-2 cm) and mean sap flux density at other xylem depths for 18-year-old loblolly
pine trees in diameter class 1 (A, 26-30 cm), diameter class 3 (B, 18-22 cm), and
diameter class 5 (C, 10-14 cm).
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cambium) then Dj is 2; to predict SFD at the 3rd depth (4-6 cm beneath the cambium)
then Dj is 3, and so on. The residuals for data produced by equation 2.6 are shown in
Figure 2.9. The residual plot does not show significant evidence of curvature or
heterogeneity.
DISCUSSION
Scaling up sap flux density (SFD) to whole-tree water use and, in turn, scaling
whole-tree water use up to stand-level tree water use is a critical step in linking tree
physiology to forest health and productivity. In the current study, SFD was examined at
three to seven depths from the outermost 2 cm to the midpoint of the xylem. The results
indicated that the inner layers of the sapwood of loblolly pine still had active conduction
of water, but that SFD differed by xylem depth and tree size. The SFD at 0-2 cm depth
was significantly greater than that of the inner depths in large and middle sized trees.
Phillips et al. (1996) studied SFD at two depths in 12-year-old loblolly pine with an
average diameter of 8.9 cm and reported that sap flux density decreased with sapwood
depth. The daily SFD in the inner sapwood was only 41% of the outer sapwood. They
suggested that low SFD in the inner xylem might be attributed to juvenile wood in the
inner xylem, because juvenile loblolly pine sapwood has shorter tracheids than mature
wood, which would cause higher resistance over the length of the tree. Other physical
factors such as water content and specific gravity of sapwood were not considered
important factors in the explanation of radial variation of sap flux density according to
several researchers (Phillips et al. 1996, Wullschleger and King 1999).
Dye et al. (1991) studied two Pinus patula trees of age 4 and 7 years growing in
Frankfort State Forest in eastern Transvaal, South Africa using the heat pulse velocity
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method at 3.0 mm intervals along each of four radii and found a decrease in heat-pulse
velocity in the xylem near the center of stem. They argued that the innermost xylem
forms early in the life of a tree and functions as the primary conduit for the supply of
water to young branches. The young early branches die or become shaded as a tree gets
older. They suggested that the heat-pulse velocity decline with increasing sapwood
depth not because of age-related effects on hydraulic conductivity, but was because
older xylem simply no longer participates in the supply of water to transpiring surfaces.
Our results generally agree with many of these investigations. In our study,
mean midday SFD in large trees decreased 41.8%, 47.5%, 57.4%, 62.6%, 66.8%, and
71.6% at 2-4 cm, 4-6 cm, 6-8 cm, 8-10 cm, 10-12 cm, and 12-14 cm measurement
depths, respectively, compared to the outermost measurement depth (0-2 cm) values.
Previous increment cores of large trees within the current stand indicated that the 0-2
cm depth included about 2-3 annual rings that were highly correlated with transpiring
surfaces (current tree leaf area) (Yu 1996). Yu (1996) found that cumulative sapwood
area of the most recent three years of growth explained 90% of the variation on crown
leaf area at the same study site. Therefore, high SFD at the outermost layer of the
xylem is probably directly related to recently formed branches higher in the crown.
Although the SFD at the second and third depths was less than SFD in the outermost
layer of xylem, it was still significantly higher than the SFD at deeper depths. This may
be because the branches associated with these depths of xylem are likely connected to
still had well-illuminated foliage. Beyond the third depth (4-6 cm) of xylem, SFDs
were not significantly different from each other in the inner xylem and were more
uniform. This result is also similar to that of Lu et al. (2000). They found that SFD
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beyond 6 cm below the bark was much less variable among mango trees than at more
shallow depths. Lower and less variable SFD in the inner xylem beyond 4-6 cm depth
may be attributed to connection of the associated sapwood to crown branches that were
shaded (Dye et al. 1991, Jiménez et al. 2000).
Jiménez et al. (2000) pointed out that sap flux in the inner xylem layers was
connected with lower, deeper parts of crowns and increased when crown parts were
exposed to high irradiance. They also found that suppressed trees had low sap flux
density with little variation in radial pattern; whereas, dominant trees exhibited high sap
flux density with greater variation in the radial pattern. The results from the current
study agree with theirs. In the current study, SFD differences among measurement
depths in small trees (tree diameter class 5) were not significant. Lack of significant
differences among SFD at different measurement depths in small trees could be
attributed to crown position and relative vigor of those trees in the current study.
Because the small trees were growing in the unthinned plots and crowns were more
crowded, less leaf area and lower available light within the crown may have limited sap
flux. Photosynthetic photon flux density (PPFD) was lower and more uniform
throughout the crown under the canopy of the unthinned plots. Thus, transpiration of
foliage in crowns was more uniform and very low. Smaller trees in an open-grown
environment might have a different relationship between tree size and SFD.
Mean midday SFD was significantly different among tree size classes. In the
current study, large diameter trees (tree diameter class 1 and 2) had the greatest mean
midday SFD compared with the middle sized trees (tree diameter class 3 and 4) and
small sized trees (tree diameter class 5). Higher mean midday SFD in larger trees could
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be attributed to larger crown leaf area and longer live crown length (Table 2.1) that
provides more transpiration surface. Also the large trees in this study were growing in
the thinned plots and they were generally exposed to higher light levels (Gravatt 1994,
Sward et al. 1996, Tang et al.1999b).
Because SFD differed by xylem depth and by tree size class at the same xylem
depth, variation in SFD at xylem depths within different tree sizes must be considered
for to accurately estimate whole-tree water use and scale up to stand-level tree water
use. Further, a large number of trees must be sampled to decrease the error of
estimation (Hatton et al. 1994). However, sampling large numbers of trees and
measuring their SFD at different depths is very expensive and time consuming,
especially for large trees. Therefore, a predictive relationship between SFD at the
outermost measurement depth and each successive depth in the xylem was developed in
the current study. Using this equation, SFD at any inner xylem depth can be estimated
based on tree diameter and SFD measured at the 0-2 cm depth. The coefficient of
determination (r2 ) is 0.92. Whole-tree water use can be predicted by sum of each xylem
depth's sap flux that is calculated by SFD at each depth multiplied by sapwood area at
this depth.
Because of the limited diameter classes of trees studied within the current stand,
some other relationships may exist between the SFD at the inner and outermost xylem
depths for pine trees. Other relationships may also exist under different stand situations.
It is suggested that, the relationship between SFD at inner xylem depths and at the
outermost xylem depth should be developed individually for the study conditions being
studied. According to the current study and the study of Lu et al. (2000), no significant
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differences between the SFD of inner xylem depths existed when xylem depths were
beyond the third depth (4-6 cm). Thus for large and medium sized trees (tree diameter
between 14 to 30 cm), using four pairs of sensors to measure SFD at 0-2, 2-4, 4-6, and
6-8 cm of xylem depth to establish the relationship between sap flux density at the inner
xylem depth and the outermost xylem depth may be practical. However, larger trees
may require more inner depth measurements to establish the correct relationship
between the SFD of inner and the outermost depths.
CONCLUSIONS
Variation in SFD with radial xylem position and tree size class was observed in
this study. SFD at the outermost xylem depth 0-2 cm was higher than that at the inner
xylem depths. The deeper xylem still had active conductance of water in 18-year-old
loblolly pine trees but SFD decreased as xylem depth increased. For large trees, mean
midday SFD at 2-4, 4-6, 6-8, 8-10, 10-12, and 12-14 cm xylem depths were 41.8%,
47.5%, 57.4%, 62.6%, 66.8%, and 71.6% less, respectively, than SFD at the 0-2 cm
xylem depth. These variations may critically affect estimation of whole-tree water use
from SFD measured in a portion of the xylem, and affect the scaling of individual tree
water use to the stand-level tree water use. The estimation of tree water use may be
overestimated if it is simply expanded by basal area from SFD measured in the
outermost xylem position. Similarly SFD may be underestimated if it is based on SFD
measured in deeper xylem positions and expanded based on basal area. To correctly
estimate whole-tree water use from SFD, the variation in SFD among xylem depths
must be taken into consideration.
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From the relationship between SFD and both xylem depth and tree size, it is
concluded that SFD is negatively related to xylem depth and positively related to tree
diameter class. Since SFD measurements at different depths are time consuming and
expensive, this relationship will be useful to estimate loblolly pine whole-tree water use
once sap flux density is measured at the 0-2 cm xylem depth. Because the variation in
SFD may vary with species and stand situation, it is suggested that the relationships
between SFD at the inner xylem depth and at the outermost xylem depth should be
developed for each study condition.
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CHAPTER 3
THINNING, FERTILIZATION, AND THROUGHFALL
EXCLUSION ALTER TREE SAP FLUX DENSITY, AND
INDIVIDUAL TREE AND WHOLE-STAND TREE WATER USE IN
AN 18-YEAR-OLD LOBLOLLY PINE PLANTATION
INTRODUCTION
Global climate change is expected to not only increase global mean temperature
about 2 to 6 0 C within the next century (Schneider 1989, Marx et al. 1995), but it also is
expected to change regional precipitation patterns over time (Drennen and Kaiser 1993).
Both temperature and precipitation are important in their effects on forest composition,
structure, and productivity through controls on physiological processes, supply of
available soil water and evapotranspiration (Whitehead 1985, Winjum and Neilson
1989).
Loblolly pine (Pinus taeda L.) is native to the southeastern region of the United
States. It is a very important commercial softwood species in the South and the most
widely planted southern pine species (Baldwin and Feduccia 1987). Reduced
precipitation and increased air temperatures could alter physiological processes and
morphology and might result in forest productivity declines. Transpiration declines
caused by water stress in loblolly pine seedlings were described (Brix 1962, Seiler and
Johnson, 1985, Teskey et al. 1986). However, the effects of water stress on
physiological processes and the potential for cultural treatments to reduce the negative
effects of reduced precipitation have seldom been reported for large loblolly pine trees
(Cregg 1990).
Thinning improvements to tree growth have been reported in numerous studies
(e.g. Brix 1983, Marquis and Ernest 1991, Haywood 1994). A number of studies have
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shown that thinning has obvious effects on environmental factors within forest stands,
such as increased soil moisture (Sucoff and Hong 1974, Donner and Running 1986).
Sucoff and Hong (1974) found that red pine ((Pinus resinosa Ait.) needle potentials
were higher in the thinned stands than in the unthinned stands indicating an increase in
available soil moisture after thinning. The late summer water potentials of lodgepole
pine (Pinus contorta Dougl.) in Montana were reported to be higher in the thinned
stands than in the control stands in both the first and second year after thinning (Donner
and Running 1986). Examining water potential and transpiration in loblolly pine trees
following precommercial thinning, Cregg et al. (1990) found that the thinned treatment
had higher soil water potentials during midsummer in each of three years after thinning,
but plant water relations were not affected by treatment. They suggested that changes
in canopy leaf area and crown microenvironment caused by thinning were large enough
to offset the improvements in soil moisture resulting in no net effect on tree water
status. In a 43-year-old natural oak forest stand in France, Breda et al. (1995)
demonstrated that predawn leaf water potential and sap flux density were higher in trees
in the thinned stand than in the closed canopy stand due to more available water and
higher sunlight. However, Whitehead et al. (1984) showed that few effects of thinning
were observed in a 40-year-old Scotch pine (Pinus sylvestris L.), 14 years after
thinning. The stomatal conductance was relatively similar among thinned and
unthinned treatments, while canopy conductance and transpiration were slightly higher
in the unthinned treatment.
Significant increases in light availability and photosynthesis in the lower crown
of remaining trees has been reported in response to thinning (Nowak et al, 1990, Ginn et
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al 1991, Gravatt 1994, Tang et al. 1999b). Thinning significantly increased the number
of shoots, number of branches, tree leaf area, and tree diameter of a loblolly pine
plantation four to six years after thinning treatment (Haywood 1994, Yu 1996, Yu et al.
1999, Tang et al. 1999a).
Fertilization-induced increases in tree growth have been reported (Brix 1983,
Haywood 1994, Yu et al. 1999). Fertilization effects on morphology and physiological
processes such as needle-level photosynthesis and transpiration have been studied by
numerous investigators (Brix 1972, 1983, Sheriff et al. 1986, Smolander and OkerBolm 1989, Thompson and Wheeler 1992, Teskey et al. 1994, Gravatt 1994, Tang et al.
1999b). Fertilization has shown to increase the leaf area of needles and shoots in the
upper crown, branch leaf area and whole tree leaf area (Brix 1981, Vose 1988, Gillespie
et al. 1994, Tang et al.1999, Yu et al. 1999), and increase fine root growth (Sword et al.
1996). However, the fertilization did not significantly increase photosynthesis and
transpiration in 13-year old loblolly pine six year after treatment (Tang et al. 1999b).
Furthermore, fertilization increased photosynthesis only slightly in a mature slash pine
(Pinus elliottii Engelm.) stand (Teskey et al. 1994). The increased tree growth
responses to fertilization may indicate through an increase in leaf area rather than
needle physiology (Brix and Ebell 1969, Vose and Allen 1998, Teskey et al. 1994)
Water loss from foliage by transpiration is an unavoidable physiological process
that accompanies stomatal conductance and photosynthesis. As a result, growth and
transpiration of trees and stands are tightly coupled and related to environment
conditions. Needle transpiration varies by crown environmental factors such as light
availability, temperature, relative humidity, and available soil moisture (Teskey et al.
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1986, Seiler and Johnson 1985, Cregg et al 1990, Gravatt 1994, Tang et al. 1999b). To
evaluate the effects of transpiration on whole-stand tree water use and tree growth, we
must understand transpiration at the tree and stand level. Investigation of needle-, tree-,
and stand-level transpiration in response to stand density, fertilization, and throughfall
exclusion provides an opportunity to evaluate transpiration responses to a range of
crown and soil environment conditions. However, until recently it has been difficult to
quantify the transpiration of large trees. Techniques to measure sap flux density remain
are an economical and practical approach for the direct estimation of transpiration and
water use by individual trees and for scaling tree water use to the stand level.
The overall objectives of this study were to use the measurement of tree sap flux
density to estimate whole-tree water use and to scale up tree-level water use to standlevel tree water use under different cultural and environmental conditions. Specific
objectives were to: (1) determine thinning and fertilization effects on tree sap flux
density, whole-tree water use, and crown transpiration per unit leaf area; (2) evaluate
throughfall exclusion and fertilization effects on tree sap flux density, whole-tree water
use, and crown transpiration per unit leaf area within the thinned treatments; (3) assess
seasonal changes in tree sap flux density and whole-tree water use over the year and
relationship between sap flux density, soil moisture conditions and microclimatic
factors; and (4) evaluate whole-tree water use relative to tree basal area, tree leaf area,
live crown length, and tree height to assist in scaling up tree water use to stand-level
tree water use. The results of the study will provide: (1) information about whole-tree
and whole-stand tree water use in response to thinning, fertilization, and water deficit
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and 2) baseline information useful in assessment of the role of cultural practices in
global climate change scenarios.
MATERIALS AND METHODS
Study Site
The study was conducted in an 18-year-old loblolly pine (Pinus taeda L.)
plantation in the West Pasture, Johnson Tract, Palustris Experimental Forest, Rapides
Parish, Louisiana, in North 1/4 of section 4, T2N., R3W. adjacent to the South Road
(310 07’N, 930 17’W) where mean annual temperature is 18.9 0 C and mean annual
rainfall is 1383.79 mm (54.48 inches). The soil on the site is a Beauregard silt loam
(fine-silty, siliceous thermic Plinthaquic Paleudults) (Kerr et al. 1980) and is moderately
well drained, slowly permeable and gently slopping.
The loblolly pine plantation was established in May 1981 and the original
density of the plantation was 2990 trees per hectare. In early 1989, two treatments of
thinning and fertilization with two levels each (thinned, unthinned, fertilized, and
unfertilized) were randomly assigned to 12 uniform plots in a two by two factorial
design with three replications. Eight of these plots were assigned to two replications
(Figure 3.1). On the thinned plots, 75% of the trees were removed leaving 731 trees per
hectare. In fertilized plots, 747 kg per hectare of diammonium phosphate (135 kg N
and 150 kg P ha -1) was broadcast based on the recommendations for loblolly pine
growing on the phosphate-deficient soil at the study site (Shoulders and Tiarks 1983).
In March 1995, thinning and fertilization were conducted in the previously thinned and
fertilized plots. Thinning, based on 30% of maximum stand density index, resulted in a
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residual basal area of 15.6 m2 per hectare. Urea, mono-calcium phosphate and potash
(200 kg N, 50 kg P and 50 kg K ha -1) were broadcast on the previously fertilized plots.
In February of 1999, four of the six original thinned plots that had been
fertilized or unfertilized treatment were divided into two equal subplots within each
thinned plot. A throughfall exclusion treatment (removal of precipitation inputs
collected below the canopy) was installed on one-half of each thinned treatment plot
and the other half of each plot was allowed to receive normal throughfall (Figure 3.1).
Where plot topography was uniform throughfall exclusion subplots were installed
randomly. Otherwise, throughfall exclusion subplots were installed to minimize the
influence of surface and subsurface flow from adjacent areas during precipitation
events. There were two replications of each throughfall exclusion and fertilization
treatment combination. On the throughfall exclusion subplots, a tarp system composed
of grey tarps, 3.65 m by 7.31 m (12 ft. by 24 ft), were hung from the trees in a concave
"V" shape (Figure 3.2). Between two rows of trees, one side of tarps was tired to the
wire cables (3.65 to 4.57 m) that were fixed on the trees. The other side of the tarps was
connected to a drain trough built with PVC pipes, about 0.6 m above the ground.
Polyethylene sheets were used to cover the holes between the tree rows and tarps. To
prevent gusts of precipitation on the throughfall exclusion plots, at each treatment
border, tarps were hanging from the cable fixed on the stem of the outside row of trees
to the ground. Troughs between the tree rows were connected to one large aluminum
drain trough at the border of each plot. Intercepted water was removed through the
trough from the site. Throughout the year, the pine litter that accumulated in the tarps
and drain troughs was removed periodically.
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Figure 3.1. Treatment and plantation layout at the Johnson Tract on the Kisatchie
National Forest near Elmer, Louisiana (for whole plots: TF = Thinned × Fertilized, TUF
= Thinned × Unfertilized, UTF = Unthinned × Fertilized, UTUF = Unthinned ×
Unfertilized; and for subplots: TE = Throughfall Exclusion and NT = Normal
Throughfall).

63

Figure 3.2. Throughfall exclusion plots in an 18-year-old Loblolly Pine plantation on
the Kisatchie National Forest near Elmer, Louisiana, with tarps used to exclude
precipitation and troughs used to remove water from treatment area.
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Sampling and Sap Flux Density Measurements
The current study began in fall of 1998 and continued through February 2000.
Within each plot, four dominant or codominant trees accessible from the canopy tower
system were randomly selected for tree stem sap flux density measurements, hereafter
referred to as tree sap flux density (g H2 O m-2 s-1). Within the thinned plots, two trees
were selected from each treatment with throughfall exclusion or normal throughfall.
Tree sap flux density, expressed as water loss per unit sapwood area per unit time, was
measured with the constant heating flow method (Grainer 1985, 1987, Phillip et al.
1996). A total of 32 trees were equipped with sap flux density sensors to measure sap
flux density at the 0-2 cm xylem depth beneath the cambium. The sap flux density
sensors included two cylindrical probes, each 2 mm in diameter with 2 cm of effective
measuring length. They contained a copper-constantan thermocouple in the middle to
measure the temperature of the probe. The two probes were coated with thermally
conducting silicon grease and inserted into aluminum tubes which were installed into
the tree stem at breast height (1.37 m above ground), were separated vertically by
approximately 10-15 cm. To provide thermal insulation, silicon grease was used to fill
to the excess space in the drilled holes and cover the sensor housings. The upper probe
was heated with a constant energy (200 mWatt DC), which was dissipated as heat into
the sapwood and vertical sap flux surrounding the probe. The lower probe was left
unheated to monitor the ambient temperature of the sapwood. Both thermocouples
were connected at the constantan end to give the temperature difference between the
two probes (1 °C = 40 µVolt for copper-constantan at 20 °C). To prevent precipitation
on sensors and minimize radiant heating and convective heat loss, mylar reflective
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sheeting (Nielson Enterprises, Kent Washington) was applied around the tree stem so
that the sensors were covered. Signals from the sap flux sensors were scanned and
recorded by multiple-channel EnvLogger (Louisiana State University, School of
Renewable Natural Resources designed and built) every 30 minutes during the study.
Tree sap flux density (SFDt , g H2 O m-2 s-1) was calculated based on the
temperature difference between upper and lower probes that was measured as voltage
and transformed to temperature (0 C) using an empirical relationship validated for
several woody species (Granier 1985, 1987, 1992, Phillips et al. 1996, Oren et al. 1999,
Lu et al. 2000):
1.231

SFDt = 119 ((dTmax - dTa) /dTa )

(3.1)

where dTmax is the temperature difference between the probes at zero flux and is
calculated per day; dTa is the measured temperature difference at actual xylem flux; and
119 and 1.231 are empirical constants from the calibration (Granier 1985).
Whole-Tree Water Use and Whole-Stand Tree Water Use Estimation
Whole-tree water use (g H2 O s-1) of each sample tree was calculated as:
n

F=

∑ (SFDi × SAi)

(3.2)

i=1

where i is measurement depth from the outermost to inner xylem at 2 cm interval. The
first depth beneath the cambium (0-2 cm) was set as 1. SFDi is the sap flux density (g
H2 O m-2 s-1) at the ith depth.
Sap flux density at each inner depth beyond depth 1 was calculated as:
SFDi = 0.5122⋅(Ti ) - 1.0116⋅(Dj) - 0.0302⋅(TiDj ) + 0.3896⋅(SFD1 )
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(3.3)

where Tj is tree size expressed as tree radii of 6, 8, 10, 12, and 14; Dj is xylem depth
expressed as 2, 3, 4, 5, 6, 7; TiDj is the interaction of tree size and xylem depth; and
SFD1 is sap flux density measured at the depth 1 (0-2 cm beneath cambium). SAi, the
cross-sectional sapwood area (m2 ) at the ith depth (SA0 = 0 m2 ) was calculated as:
i−1

SAi = (4πi(r-i))/10000 - ∑ SAj

(3.4)

j =0

where r is radius of tree at breast height and i is the ith xylem depth.
Daily whole-tree water use (kg H2 O day-1) was calculated as mean whole-tree
water use (g H2 O s-1) during the daytime (8:00 am to 8:00 pm, CST) multiplied by
twelve hours and expressed on a day and per kg basis.
For whole-plot water use estimation, mean sap flux density at the outermost
xylem depth of sample trees was calculated. Whole-tree water use of remaining trees
within each plot was estimated by applying the sample tree SFD and using equations
3.2, 3.3, and 3.4. Whole plot daily water use was calculated by sum of whole-tree daily
water use per tree within each plot.
Leaf Area, Crown Transpiration, and Canopy Transpiration Estimation
Litterfall was collected weekly from the four litter traps (0.92 m2 each) within
each plot during 1999 through 2001, oven dried (600 C) to a constant mass, and weighed
to the nearest 0.01 g. Annual litterfall biomass per plot was calculated for a
phenological year by adding weekly collections from April through the following
March (Dougherty et al. 1995). Loblolly pine retains needles for approximately two
years. Thus, leaf area per plot in 1999 was estimated by the sum of two phenological
years of litterfall biomass (from April 1999 to March 2001) multiplied by specific leaf
area (needle surface area per unit dry weight) (Yu, 1996). The proportion of tree to
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whole plot basal area was calculated by tree basal area divided by whole plot basal area.
Tree leaf area was estimated by the proportion of tree to whole plot basal area
multiplied by leaf area per plot. Monthly plot leaf area was calculated based on litterfall
biomass and month accurate factor described by Dougherty et al. (1995). The crown
transpiration per unit leaf area was calculated by whole-tree water use divided by tree
leaf area. For comparison purposes it was assumed that the trees contained maximum
leaf area for the year. Canopy transpiration per unit leaf area was estimated from
whole-plot water use divided by leaf area per plot.
Environmental Measurements
Within replication one, a total of 48 temperature sensors and 48 quantum light
sensors were installed in the thinned and unthinned plots that were fertilized or
unfertilized (one temperature and quantum light sensor each per measurement tree and
crown position: upper, middle, and lower crown). Photosynthetic photon flux density
(PPFD) and air temperature were continuously recorded by a computer-controlled data
acquisition system (Keithely, Model 576) every 15 minutes. Rainfall was measured by
a RG40 Sierra Misco Tipping Bucket Raingauge daily (Model 2501 Rain Gauge,
Sierra-Misco, Inc.) during the study (Dan Andries, personal communication) in an open
field near the study site.
Soil water content (SWC) was continually monitored by time domain
reflectometry (TDR) (Trase System I 6050X1, Soil Moisture Equipment Corp., Santa
Barbara, CA) from April 1999 to December 1999 (Mary Anne Sword, personal
communication). At 6-hour intervals, SWC was automatically recorded at four soil
depths corresponding to texturally distinct soil layers (Table 3.1).
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Table 3.1. Soil texture and soil water TDR1 sensor placement in an 18-year-old loblolly
pine plantation in central Louisiana.

Soil layers

Texture

Sensor placement

A1/A2 (0-20 cm)

silt loam

0 - 20 cm

B1 (20-33 cm)

silt loam / silty clay loam

21 - 31 cm

B21t (33-60 cm)

silty clay loam / silt loam

33 - 53 cm

B22t/B23t (60-100 cm)

silty clay loam

60 - 100 cm

1

Time Domain Reflectometer (Trase System I 6050X1, Soil Moisture Equipment
Corp., Santa Barbara, CA).
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Sensors were installed appropriately 1 m from the base of each tree on the
thinned and unthinned plots at which sap flux density was measured. A total of 128
sensors were installed. The TDR multiplexer system accommodated 64 sensors at one
time. Thus, two subsets (A and B) of sensors were grouped. Each subset represented
two trees from the unthinned plots and one tree from each throughfall exclusion and
normal throughfall subplot within the thinned plots. Sensors were grouped so that one
subset (A) contained all sensors associated with the trees on the thinned plots used for
intensive fascicle physiology measurements.
At each tree where SWC was measured, one soil sample from each sensor depth
was collected at the time of sensor installation by sampling soil at the appropriate depth
from the perimeter or bottom of the hole associated with the 60 to 100 cm sensor. A
moisture release curve was developed for each sample to express SWC as soil water
potential (SWP) and to quantity maximum and actual plant-available water (PAW).
Maximum PAW was defined as the difference between the amount of water in the soil
at field capacity -0.03 MPa and wilting point -1.5 MPa. Actual PAW was calculated
based on volumetric water content (%) measured by TDR and volumetric water content
(%) at wilting point -1.5 MPa using the equation:
PAW = (SWCTDR- SWCw)/100 × depth

(3.5)

where SWCTDR is volumetric water content (%) measured by TDR; SWCw is volumetric
water content (%) at wilting point (-1.5 MPa) of each intensive physiology measured
tree; and depth is depth increment of soil layer. The total PAW of soil profile was
calculated by summing the PAW of each soil layer.
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Other Physiological Measurements Related to this Study
The physiological measurements were done (Jamie Tang, personal
communication) each month on sample trees within the thinned plots. The
measurements included net photosynthetic rate, stomatal conductance to water vapor,
transpiration rate, vapor pressure difference from leaf surface to air, and xylem water
potential.
Statistical Analysis
Treatment and Experiment designs:
(1) Thinning by fertilization: The experiment design was a two by two factorial
in completely randomized design (CRD) with repeated measures as monthly time
periods. The whole plots were thinning (thinned and unthinned) and fertilization
(fertilized and unfertilized) main effect treatments. Monthly periods over the year were
the repeated measures.
(2) Fertilization by throughfall exclusion: The experimental design was a splitplot design with repeated measures as monthly periods. The whole plots were
fertilization (fertilized and unfertilized) main effect treatments. The subplots were
throughfall exclusion (throughfall exclusion and normal throughfall) main effect
treatment. Monthly periods during the growing season were the repeated measures.
Data analysis:
Analysis of variance (ANOVA) was used to test significant effects of thinning,
fertilization, throughfall exclusion, monthly change, and interaction effects of thinning
and fertilization, thinning and monthly period, fertilization and monthly period, thinning
and fertilization and monthly period, fertilization and throughfall exclusion, throughfall

71

exclusion and monthly period, fertilization and throughfall and monthly period on mean
daily tree sap flux density, mean daily tree water use, mean daily stand water use, mean
crown and canopy transpiration per unit leaf area, mean soil water content, and mean
plant available water.
The model with thinning and fertilization main effects and their interactions
with monthly repeat measures were used to test each attribute (Kuehl 1994, Blouin,
personal communication):
Yijkl =µ + Thi + Fj + (ThF)ij + eijk + Ml + (ThM)il + (FM)jl + (ThFM)ijl + eijkl
(3.6)
i = 1,2

j = 1,2

k = 1, 2

l = 1, 2,…,8 (or 12)

Where Yijkl is the mean tree sap flux density response to thinning and fertilization,
µ is the population mean,
Thi is the effect of the ith level of thinning,
Fj is the effect of the jth level of fertilization,
(ThF)ij is the interaction effect of the ith level of thinning and the jth level of
fertilization,
eijk is the random error to test thinning and fertilization effects and the
interaction of thinning and fertilization,
Ml is the effect of the lth level of month,
(ThM)il is the interaction effect of the ith level of thinning and the lth level of
month,
(FM)jl is the interaction effect of the jth level of fertilization and the lth level of
month,
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(ThFM)ijl is the interaction effect of the ith level of thinning and the jth level of
fertilization and the lth level of month,
eijkl is the residual.
The model with fertilization and throughfall exclusion main effects and their
interactions with monthly repeat measurement were used to test each attribute (Kuehl
1994, Blouin, personal communication):
Yihjk =µ + Fi + eh(i)

Fertilization part of the model

+ Tj + (FT)ij + ehij

Throughfall exclusion part of the
model

+ Mk + (FM)ik + (TM)jk + (FTM)ijk + ehijk

Month part of the model
(3.7)

h=1, 2

i = 1,2

j = 1,2

k = 1, 2, …, 8

Where Yihjk is the mean of tree sap flux density response to fertilization i and
throughfall exclusion j in month k,
µ is the population mean,
Fi is the effect of the ith level of fertilization,
eh(i) is whole plot random error to test the fertilization effect,
Tj is the effect of the jth level of throughfall exclusion,
(FT)ij is the interaction effect of ith level of fertilization and the jth level of
throughfall exclusion,
ehij is subplot random error to test the throughfall exclusion effect and its
interaction with fertilization,
Mk is the effect of the kth level of monthly period,
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(FM)ik is the interaction effect of the ith level of fertilization and the kth level of
month,
(TM)jk is the interaction effect of the jth level of throughfall exclusion and the
kth level of month,
(FTM)ijk is the interaction effect of the ith level of fertilization and the jth level
of throughfall exclusion and the kth level of month,
ehijk is the residual
The SAS GLM, Mixed model (SAS V 6.12, SAS Institute, Inc., Cray, NC. USA,
Littell et al. 1996) was employed for the ANOVA analysis. If interactions were
significant, simple effects were tested (Stehman and Meredith 1995) using the adjusted
Tukey test (Geaghan, personal communication), otherwise the significance of main
effects were tested. A probability level of 0.10 was chosen.
RESULTS
Sap Flux Density and Soil Moisture
Mean soil water content (SWC) at the 0-100 cm depth of the soil profile was
significantly different between throughfall exclusion and normal throughfall subplots.
For mean SWC measured over the 0-100 cm depth, there was a significant interaction
between throughfall exclusion and monthly periods during the growing season (Table
3.2). Mean SWC (0-100 cm depths) in the throughfall exclusion treatment was
significantly less than that in the normal throughfall treatment in both June and July.
Mean SWC (0-100 cm depth) in August and September was significantly lower than
that in April, May, June, and July in both throughfall exclusion and normal throughfall
treatments. No significant interaction effects of thinning and fertilization or
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Table 3.2. ANOVA probability values of soil water content (SWC) and plant available
water (PAW) for the 0-100 cm depth in the fertilization and throughfall exclusion
treatments of 18-year-old loblolly pine plantation in central Louisiana with monthly
period as repeated measures during the growing season of 1999.

ANOVA1 sources

df2

SWC
P-value

PAW
P-value

Fertilization3 (F)

1

0.39

0.81

Throughfall
exclusion4 (TE)

1

0.09

0.77

F*TE

1

0.24

0.86

Month5 (M)

7

0.0001

0.0001

M*F

7

0.59

0.32

M*TE

7

0.006

0.55

M*F*TE

7

0.79

0.99

1

Analysis of variance
Degrees of freedom
3
Two levels of Fertilization: fertilized and unfertilized.
4
Two levels of Throughfall exclusion: throughfall exclusion and normal throughfall.
5
Eight monthly periods during the growing season (April through November 1999).
2
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fertilization and throughfall exclusion on PAW were found. PAW at the 0-100 cm
depth was not significantly affected by thinning, fertilization, or throughfall exclusion.
But PAW at the 0-100 cm depth was significantly different among months during the
growing season. In August and September PAW at the 0-100 cm depth was
significantly lower than that in April, May, June, and July (Figure 3.3). The monthly
pattern of mean daily whole-tree water use generally followed that of PAW at the 0-100
cm depth. The correlation coefficient of mean PAW at the 0-100 cm depth of the soil
profile and mean daily whole-tree water use per month was 0.78.
A standardized value of PAW was expressed as PAW (cm H2 O / cm depth).
The relationship between mean daily sap flux density (SFDt ) and standardized PAW per
day is shown in figure 3.4. On days of significant rainfall, mean standardized PAW at
all depths increased immediately. Mean daily SFDt also increased after rainfall with
high standardized PAW on sunny days. Mean standardized PAW decreased as mean
daily SFDt increased over time, especially at soil depth 1 (such as during day 178 to day
185, P < 0.0001). During August and most of September, the total amount of rainfall
was less than 20 mm except two heavy rainy days in the end of September (day 271 and
272). Mean daily SFDt was lower in August and September than that in April through
July due to PAW change. Mean standardized PAW decreased relatively slowly in
August and September.
Thinning and Fertilization
In the thinning by fertilization experiment, the thinning and fertilization
treatments were tested to evaluate cultural treatment effects on mean daily tree sap flux
density (mean daily SFDt , water loss per unit sapwood area per day, g H2 O cm-2 day-1),
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Figure 3.3. Mean photosynthetic photon flux density (PPFD), mean air temperature
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season.
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0.35
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140

mean daily whole-tree water use (water loss per tree per day, kg H2 O day-1), and mean
daily whole-stand tree water use (water loss per hectare per day, kg H2 O day-1). The
diurnal patterns of mean sap flux density (mean SFDt , water loss per unit sapwood area
per second, g H2 O m-2 s-1) were similar for different treatments (Figure 3.5, here is
showing mean SFDt during 8:am to 8:00 pm CST). In general, mean SFDt increased in
the morning, peaked during midday, and decreased in the later afternoon. However,
mean daily SFDt differed among cultural treatments. Thinning and fertilization
treatment interacted effects were significant on mean daily SFDt and mean daily wholetree water use (Table 3.3). Mean daily SFDt in the thinned treatment was significantly
higher in the unthinned treatment for both the fertilized and unfertilized plots (Figure
3.6 A, lower case letters). Mean daily SFDt in the thinned treatment was 57.9% and
25.3% higher than in the unthinned treatment for the fertilized and unfertilized
treatments, respectively. The fertilized, thinned treatment significantly increased mean
daily SFDt by 21.7% compared to the unfertilized treatment (Figure 3.6 A, upper case
letter). However, within the unthinned treatments, there were no significant differences
of mean daily SFDt between the fertilized and unfertilized treatments.
The trend in mean daily whole-tree water use was similar to that for mean daily
SFDt in relation to the thinned and fertilized treatments. The interaction of thinning and
fertilization on mean daily whole- tree water use was also significant. In the thinned
treatments, the fertilized plot trees had 82.0% greater mean daily whole-tree water use
than trees in the unfertilized treatment (Figure 3.6 B). But no significant differences
were found between the fertilized and unfertilized treatments within the unthinned
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Table 3.3. ANOVA probability values for mean daily tree sap flux density and mean
daily whole-tree water use in the thinning and fertilization treatments of an 18-year-old
loblolly pine plantation in central Louisiana with monthly periods as repeated measures
for 1999.

ANOVA1 sources

df2

Tree daily sap flux
density
P-value

Whole-tree
water use
P-value

Thinning3 (T)

1

0.0001

0.0001

Fertilization4 (F)

1

0.02

0.0001

T*F

1

0.0013

0.0001

Month5 (M)

11

0.0001

0.04

M*T

11

0.80

0.99

M*F

11

0.93

0.97

M*T*F

11

0.98

0.98

1

Analysis of variance
Degrees of freedom
3
Two levels of thinning: thinned and unthinned.
4
Two levels of Fertilization: fertilized and unfertilized.
5
Twelve monthly periods during 1999.
2
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Figure 3.6. Mean daily tree sap flux density (A) and mean daily whole-tree water use
(B) for thinning and fertilization treatments (different lower case letters show
significant differences between thinned and unthinned treatments within fertilized or
unfertilized treatments, and different upper case letters show significant differences
between the fertilized and unfertilized treatments within thinned or unthinned treatment,
P<0.1).
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treatments. Thinning significantly increased mean daily whole-tree water use by
271.1% and 156.4% compared to the unthinned treatment within the fertilized treatment
and unfertilized treatment, respectively.
Mean daily SFDt and mean daily whole-tree water use significantly differed
among months, but monthly periods did not significantly interact with other treatments
(Table 3.3). Mean daily SFDt and mean daily whole-tree water use in the months of
April, May, June, and July were not significantly different from each other, but were
significantly higher than other months throughout the year (Figure 3.7 A and B). The
lowest mean daily SFDt and lowest mean daily whole-tree water use occurred in the
months of January and December.
Throughfall Exclusion and Fertilization
The throughfall exclusion experiment within thinned plots was conducted to
evaluate the interaction of amount of throughfall change and fertilization treatment
impacts on mean daily SFDt and mean daily whole-tree water use. The diurnal patterns
of mean SFDt were similar across throughfall exclusion and fertilization treatments
(Figure 3.8). However mean daily SFDt and mean daily whole-tree water use was
significantly different for the interaction between throughfall exclusion and fertilization
(Table 3.4). The fertilized treatment within the thinned plots significantly increased
mean daily SFDt on the normal throughfall plots but did not significantly increase mean
daily SFDt on throughfall exclusion plots (Figure 3.9 A, upper case letter).
Throughfall exclusion significantly reduced mean daily SFDt only in the in the
fertilized treatment (Figure 3.9 A, lower case letter). Mean daily SFDt in throughfall
exclusion treatment was 14.18% less than in the normal throughfall treatment within the
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Table 3.4. ANOVA probability values for mean daily tree sap flux density and mean
daily whole-tree water use in the throughfall exclusion and fertilization treatments of an
18-year-old loblolly pine plantation in central Louisiana with monthly periods as
repeated measures during the 1999 growing season.

ANOVA1 sources

df2

Tree sap flux
density
P_value

Whole-tree
water use
P-value

Fertilization3 (F)

1

0.003

0.0001

Throughfall
exclusion4 (TE)

1

0.17

0.0004

F*TE

1

0.0004

0.0003

Month5 (M)

7

0.0001

0.01

M*F

7

0.61

0.27

M*TE

7

0.30

0.89

M*F*TE

7

0.28

0.90

1

Analysis of variance
Degrees of freedom
3
Two levels of Fertilization: fertilized and unfertilized.
4
Two levels of Throughfall exclusion: throughfall exclusion and normal throughfall.
5
Eight monthly periods during the growing season (April through November 1999).
2
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Figure 3.9. Mean daily tree sap flux density (A) and mean daily whole-tree water use
(B) in throughfall exclusion and fertilization treatments (different lower case letters
show significant differences between throughfall exclusion and normal throughfall
treatments within the fertilized or unfertilized treatment, and different upper case letters
show significant differences between the fertilized and unfertilized treatments within
throughfall exclusion or normal throughfall, P<0.1).
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fertilized treatment. But in the unfertilized treatment, there was no significant
difference of mean daily SFDt between throughfall exclusion and normal throughfall.
Mean daily whole-tree water use was significantly higher in the fertilized
treatment compared to the unfertilized treatment in both the throughfall exclusion and
normal throughfall subplots (Figure 3.9 B). The fertilized treatment increased mean
daily whole-tree water use by 110.4% and 44.0% in the normal throughfall and
throughfall exclusion treatments, respectively. Throughfall exclusion significantly
decreased mean daily whole-tree water use by 30.69% in the fertilized treatment.
However, no significant effects of throughfall exclusion were found on mean daily
whole-tree water use in the unfertilized treatment.
Mean daily SFDt and mean daily whole-tree water use also differed among
months during the growing season in fertilization treatments with throughfall exclusion.
The trends of daily SFDt and whole-tree water use were similar to those in the thinning
and fertilization treatments mentioned above.
Sap Flux Density and Microclimate
Changes in mean daily SFDt and mean daily whole-tree water use were not only
be affected by soil moisture and cultural treatments, but were also changed relative to
microclimate factors such as photosynthetic photon flux density (PPFD) and vapor
pressure deficit (VPD). Mean SFDt was positively related to PPFD. Overall, as PPFD
increased so did mean SFDt (Figure 3.5, 3.8, and 3.10). For a given PPFD, mean SFDt
on day 172 (June 21, "wet" day) was higher than on day 263 (September 20, "dry" day)
in the fertilized treatment on normal throughfall plot (Figure 3.10A). However, the
difference of mean SFDt between day 172 and day 263 in the unfertilized treatment was
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less than in the fertilized treatment (Figure 3.10 B). Vapor pressure deficit (VPD) also
positively related to mean SFDt during the daytime. Mean SFDt increased as VPD
increased in the morning and decreased as VPD decreased later in the afternoon. But
for a given VPD, mean SFDt was higher in the morning as VPD increased compared to
the afternoon when VPD decreased (Figure 3.11). The rate of SFDt increase with VPD
was also related to cultural treatments. For a given VPD, mean SFDt on day 172 was
much higher than on day 263 in the fertilized treatment (Figure 3.11 A), however, this
difference was less in the unfertilized treatment (Figure 3.11 B).
Even though SFDt had similar pattern of responses relative to microclimate in
different treatments, mean SFDt varied with treatment under dry and wet soil
conditions. The trends of mean SFDt in the fertilized treatment was higher than in the
unfertilized treatment for "wet" days (high soil moisture, days 171 and 172). On typical
"dry "days (low soil moisture, days 263 and 264), mean SFDt in the fertilized treatment
was lower or close to mean SFDt in the unfertilized treatment. Some differences were
also apparent between throughfall exclusion and normal throughfall treatments during
the study period. Mean SFDt on the "wet" days was lower in the throughfall exclusion
treatment than in the normal throughfall treatment (Figure 3.8). However no large
differences occurred between throughfall exclusion and normal throughfall treatment on
"dry" days. Thinning significantly increased mean SFDt on both "wet" and "dry" days
within both the fertilized and unfertilized treatments.
Relationship between Daily Whole-tree Water Use and Tree Characteristics
In addition to cultural treatments and environment, the impacts of tree
characteristics were also related to daily whole-tree water use. Trees on the normal
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throughfall plots within thinning and fertilization treatments were used to test the
potential relationships between daily whole-tree water use and each of tree
characteristics---tree basal area, tree leaf area, live crown length, and tree height. No
significant differences were detected among treatments, so data for the r all treatments
were combined on the normal throughfall plots. Mean daily whole-tree water use
throughout the year was highly and positively correlated to tree basal area (Figure 3.12
A, r2 =0.91), tree leaf area (Figure 3.12 B, r2 =0.88), and live crown length (Figure 3.12
C, r2 =0.86), respectively. Tree height, however, was not highly correlated to mean
daily whole-tree water use (Figure 3.12 D, r2 =0.41). When using regression stepwise to
develop a multiple regression including variables of tree basal area, tree leaf area, live
crown length, and tree height, tree basal area is a significant variable for predicting
whole-tree water use and other variables in the multiple regression were not significant
once tree basal area was included.
Daily Crown Transpiration
Tree leaf area during the growing season in this study significantly differed
among months and cultural treatments. Both thinning and fertilization greatly increased
tree leaf area throughout the growing season (Figure 3.13 A and 3.13 B). Generally, the
greatest amount of tree leaf area occurred in August and September in the thinned and
fertilized treatment.
Mean daily crown transpiration was significantly affected by interaction of
thinning and fertilization (Figure3.14 A). In the thinned plots, there was no significant
difference for mean daily crown transpiration between fertilized and unfertilized
treatments (Figure 3.14 A). However, in the unthinned plots, mean daily crown
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transpiration was significantly higher in the unfertilized treatment than in the fertilized
treatment (38.7 vs. 27.2 mol m-2 day-1). Mean daily crown transpiration differences
between the fertilized and unfertilized treatments were also affected by throughfall
exclusion (Figure 3.14B). In the thinned plots normal throughfall, no significant
differences in mean daily crown transpiration occurred between the fertilized treatment
and unfertilized treatment (Figure 3.14 B). But on the thinned plots with throughfall
exclusion, mean daily crown transpiration was lower in the fertilized treatment than in
the unfertilized treatment (25.65 vs. 30.79 mol m-2 day-1). Mean daily crown
transpiration significantly differed among months (P<0.0001). Mean daily crown
transpiration in April, May, June, and July was higher than in August, September, and
November (drier months) during the growing season. The lowest mean daily crown
transpiration occurred in September (20.22 mol m-2day-1) and the highest mean daily
crown transpiration occurred in April and May (42.32 and 40.48 mol m-2day-1).
Whole-Stand Tree Water Use and Canopy Transpiration
Mean daily whole-stand tree water use over the growing season (water loss per
ha forest stand per day, kg H2 O day-1) was significantly different between the thinned
and unthinned treatments. But the difference of mean daily whole-stand tree water use
between the thinned treatment and unthinned treatment was converse to individual tree
water use. At the stand level, mean daily whole-tree water use in the thinned treatment
was 33.96% less than in the unthinned treatment. Mean daily whole-stand tree water
use was 11,148 and 16,880 kg H2 O day-1 per ha for the thinned and unthinned
treatment, respectively. Mean daily whole-stand tree water use in the fertilized
treatment was higher in the unfertilized treatment within the thinned treatment, but no
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difference between fertilized and unfertilized treatment within unthinned plots was
found (Figure 3.15 A).
Canopy leaf area was significantly increased by fertilization (P=0.003). There
was 36.96% more canopy leaf area in the fertilized treatment than in the unfertilized
treatment. However, canopy leaf area in the thinned treatment was less than in the
unthinned treatment (P=0.004). The amount of canopy leaf area in the thinned and
fertilized treatments and in the unthinned and unfertilized treatments was similar four
years after re-thinning and re-fertilization treatment.
Mean daily canopy transpiration was significantly affected by the interaction
between thinning and fertilization (Figure 3.15 B). In the thinned treatment, no
significant differences in mean daily canopy transpiration were found between fertilized
and unfertilized treatments. But in the unthinned treatment, mean canopy transpiration
in the fertilized treatment was lower than in the unfertilized treatment (Figure 3.15 B).
DISCUSSION
Transpiration is ultimately an unavoidable and necessary physiological process
that accompanies stomatal conductance and photosynthesis. Transpiration rate depends
on soil available moisture, xylem structure, canopy leaf area, and environmental
conditions (Kozlowski 1990). Tree water use is expected to be large to maximize
carbon gain (Eamus et al. 2000). Therefore, the study of transpiration and water use can
provide insight into tree growth, environment, and cultural practice interactions and is
an important key to successful sustainable forest management. Tree water use that
correlated to seasonal environmental change and tree size has been studied for several
tree species (eg. Hinckley et al. 1994, Vertessy et al. 1995, Becker 1996, Wullschleger
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Figure 3.15. Mean daily whole-stand tree water use (A) and canopy transpiration (B)
in the thinned and fertilized treatments of an 18-year-old loblolly pine plantation
(different low case letters show significant differences between the thinned and
unthinned treatments within the fertilized or unfertilized treatments, and different
upper case letters show significant differences between fertilized and unfertilized
treatments within the thinned or unthinned treatments, P<0.1).
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et al. 1998). Tree water use has been found to be linearly correlated to projected tree
leaf area, basal area, and sapwood area within species (Hinckley et al. 1994, Vertessy et
al. 1995, Arneth et al. 1996, Becker 1996, Dawson 1996, Teskey and Sheriff 1996,
Wullschleger et al. 1998) and among similar co-occurring species (Vertessy et al.
1995). A few studies revealed cultural treatment relationships to tree sap flux density
and whole-tree water use (Breda et al. 1995, Teskey and Sheriff. 1996). Breda et al.
(1995) reported that thinning increased sap flux density and inter-tree variability in sap
flux density in a 43-year-old oak forest (Quercus petraea). They suggested that sap
flux density was closely related to a leaf area competition index.
In the current study, thinning significantly increased mean daily SFDt (tree sap
flux density) and mean daily whole-tree water use by 41.7% and 213.8%, respectively,
throughout the year. Mean daily SFDt and mean daily whole-tree water use was 67.61 g
H2 O cm-2 day-1 and 22.1 kg H2 O day-1 in the thinned treatment and 47.87 g H2 O cm-2
day-1 and 6.9 kg H2 O day-1 in the unthinned treatment, respectively. The increased
whole-tree water use in the thinned treatments can be attributed to several factors
including increases in photosynthetic photon flux density (PPFD), air temperatures and
vapor pressure deficits (VPD) within the canopy, reduced competition for soil moisture,
increased tree basal area, and the associated increase in individual tree leaf area for
remaining trees in the thinned treatment. Effects of thinning on tree basal area and leaf
area have been reported in many studies (Brix 1981, Smith 1986, Marquis and Ernest
1991, Haywood 1994, Yu 1996, Tang et al. 1999a, Yu et al. 1999). Brix (1981) studied
thinning and fertilization treatment effects on branch and foliage production in a 24year-old Douglas-fir stand. He found that fertilization and thinning increased foliage
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production substantially and, after 7 years, both groups of trees had an increase in
foliage mass of 90% above control and the combined treatments had an increase of
271%. Thinning increased individual tree leaf area by 110% compared to unthinned
treatment six years after treatment in a 14-year-old loblolly pine plantation (Yu 1996).
Haywood (1994) and Yu et al. (1999) reported that thinning increased tree diameter
growth throughout a four-year study period following treatment. In the current study,
we observed that mean tree basal area and leaf area in the thinned treatments were
114.74% and 216.21% greater than that in the unthinned treatment four years after rethinning (434.66 vs. 202.42 cm2 , and 42.91 vs. 13.57 m2 ).
Mean daily whole-tree water use was greater in large trees than in small trees.
This is consistent with the results of Vertessy et al. (1995), Arneth et al. (1996),
Dawson (1996), Teskey and Sheriff (1996), and Wullschleger et al. (1998). Teskey et
al. (1996) found that daily water use was greater for large trees than small trees in a 16year-old Pinus radiata D. Don plantation. Arneth et al.'s study (1996) indicated that
whole-tree water use was linearly related to tree cross-sectional area. They also
suggested that large differences in whole-tree water use between emergent, canopy, and
subcanopy trees could be explained on basis of projected crown leaf area differences in
130-year-old Larix gmelinii trees.
Wullschleger et al. (1998) observed that whole-tree water use increased with
stem diameter, but sap flux density was not different among tree size classes in
understory red maple (Acer rubrum L.) with ages ranging from 10 to 40 years. In the
current study, mean daily SFDt was significantly higher in large trees than in small
trees. The possible reasons for higher SFDt in large trees in the current study are that
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the larger trees in this study occurred in the thinned stands and the crowns are exposed
to higher solar radiation that resulted in faster SFDt than in smaller trees that were
located in the unthinned dense stands with lower PPFD levels. The higher sapwood
area in larger trees occurred in the thinned treatment and may also reduce resistance to
flow and increase sap flux density (Cregg et al. 1990).
However, even though thinned treatment significantly increased whole-tree
water use and SFDt , crown transpiration per unit leaf area in the thinned and unthinned
treatments was not significantly different. The change in crown leaf area caused by the
thinning treatment was likely large enough to offset the increased whole-tree water use,
resulting in no net effect on crown transpiration per unit leaf area. Teskey and Sheriff
(1996) studied 16-year old Pinus radiata plantation and reported whole-tree water use
in large trees was greater than in small trees, but transpiration per unit leaf area was
identical for different sized trees. Wullschleger et al.'s study (1998) indicated similar
results for understory red maple trees. Therefore, when scaling up whole-stand tree
water use, it may be possible to simply use leaf area as a surrogate for trees of the same
species under the same environmental conditions.
Fertilization significantly increased mean daily SFDt and whole-tree water use,
but only within the thinned treatment. Within the thinned treatment, mean daily SFDt
was 73.86 and 61.36 g H2 Ocm-2 day-1 and mean daily whole-tree water use was 28.76
and 15.72 kg H2 O day-1 for the fertilized and unfertilized treatments, respectively. This
is probably a result of a combination of changes in tree leaf area and in light availability
under fertilization. Fertilization significantly increased tree leaf area in this study.
Mean tree leaf area in the fertilized treatment was 76.9% greater than in the unfertilized
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treatment, four years after re-fertilization. The increase in tree leaf area after
fertilization has been found by others (Arosson and Elowson 1980, Brix 1981, Binkley
and Reid 1984, Vose 1988, Gillespie et al. 1994, Yu et al. 1999).
In the thinned treatment, increased tree leaf area and increased exposure to solar
radiation probably lead to higher SFDt and whole-tree water use. However, in the
unthinned treatment, increased leaf area after fertilization increased mutual leaf shading
within the crown (lower PPFD). Therefore, greater leaf area could result in reduced
transpiration per unit leaf area in the fertilized, unthinned treatment than in the
unfertilized, unthinned treatment. Tang et al. (1999b) observed that fertilized plots in
the unthinned treatment consistently had lower within canopy values of PPFD and
lower air temperatures than in the unfertilized treatment sixth growing seasons after
treatment, indicating that mutual leaf shading within the canopy increased in fertilized
unthinned treatment. Boltz et al. (1986) and Teskey et al. (1987) have reported similar
findings. Tang et al. (1999b) also reported that within the unthinned treatment trees in
the fertilized treatment tended to have lower rate of photosynthesis, lower needle level
transpiration, and lower stomatal conductance than trees in the unfertilized treatment.
Their earlier needle level work with the same trees confirms our results of crown
transpiration per unit leaf area in whole-tree level.
Throughfall exclusion treatment significantly reduced daily SFDt and whole-tree
water use by 14.18% and 30.69%, respectively, within the fertilized treatment.
However, no significant differences were found between throughfall exclusion and
normal throughfall treatments in the unfertilized treatment of the thinned plots. Trees in
the fertilized treatment were larger and had greater leaf area. Therefore, under lower
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soil moisture conditions, large trees would extract more water from soil than small
trees, which would speed up the rate of soil moisture deficits and result in larger trees
reaching threshold water potential for stomatal closure sooner than smaller trees.
Becker (1996) reported tree water use was affected by tree size during dry period. He
studied sap flux in Bornean heath and dipterocarp forest trees during wet and dry
periods and reported that at the heath site, daily water use of small trees was stable
during the dry period, whereas daily water use declined in the large trees as the dry
season progressed.
Mean daily SFDt and whole-tree water use was correlated to environmental
conditions. In general, mean daily SFDt and whole-tree water use was positively
correlated to microclimatic factors, such as PPFD, air temperature, and VPD. Mean
daily SFDt and whole-tree water use varied in monthly basis with change in
microclimate factors. The lowest daily SFDt and whole-tree water use occurred in
January and December, coinciding with period of low temperature and PPFD. As
PPFD and temperature increased, mean SFDt and whole-tree water use increased after
January. However, the relationship between water use and microclimate factors was
affected by soil moisture and tree leaf area. During growing season, the highest mean
daily SFDt and whole-tree water use occurred in July due to high PPFD, temperature,
high plant available water, and greater tree leaf area. However, even though leaf area,
temperature, PPFD, and VPD reached the highest levels in August, mean daily SFDt
and whole-tree water use decreased compared to July. Decrease in mean daily SFDt
and whole-tree water use was presumably resulted from low soil moisture during that
time. In August, total amount of rainfall was less than 6.1 mm. The less rainfall caused
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a decrease in soil water content and plant available soil water (PAW) at 0-100 soil depth
from 72.1% and 5.47 cm in July to 52.6% and 2.92 cm in August, respectively. As
PAW continued to decrease (mean PAW was 2.41 at 0-100 cm soil depth in
September), mean daily whole-tree water use in September reached the lowest value
during the growing season. These results were similar to results by Breda et al. (1993),
Dye (1996), and Wullschleger et al. (1998). The study of Breda et al. (1993) indicated
that midseason reduction of leaf water potential caused 70% sap flux density decrease
in 30-year-old trees of Quercus petraea and Quercus robur. Wullschleger et al. (1998)
reported that daily transpiration rate decreased throughout June and July, which was the
result from low rainfall, low soil matric potential and low to moderate VPD. Teskey
and Sheriff's study (1996) indicated that stand transpiration rate in wet soil condition
was three times more than in dry soil condition in a 16-year old Pinus radiata
plantation.
Under similar environmental conditions, changes in whole- tree water use are
often strongly correlated with tree size such as basal area, sapwood area, and leaf area
for some species (Vertessy et al. 1995, Arneth et al. 1996, Dawson 1996, Teskey and
Sheriff 1996, Andrade et al. 1998, Wullschleger et al. 1998). The relationship between
whole-tree water use and tree characteristics could be useful for predicting stand-level
water use in forests. Vertessy et al. (1995) reported that stem diameter explained 93%
variation in leaf area, and 88% variation in mean daily water use in a young mountain
ash forest. From the current study, whole-tree water use during growing season was
highly and positively correlated to tree basal area, tree leaf area, and live crown length.
Tree basal area explained 91.2% variation in whole-tree water use. Tree leaf area and
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live crown length explained 88.7% and 84.8% variation in whole-tree water use,
respectively.
Andrade et al. (1998) studied whole-tree water use from five diverse canopy tree
species (one tree from each species) grown in a natural forest and reported that daily
whole-tree water use increased exponentially with tree height. Ryan and Yoder (1997),
however, pointed out that hydraulic resistance increased as tree height increased
because water must travel a longer path. In the current study, we did not find good
relationship between whole-tree water use and height. We hypothesize this response is
attributed to differences in leaf area and crown transpiration responses to stand density.
Specifically, trees in the unthinned treatment were as tall or taller than those in the
thinned treatment but had live crown ratios 47% lower than in the thinned treatment.
Tree basal area was significantly correlated to water use and explained 91% of the
variation in whole-tree water use (r2 =0.91). But tree height and live crown length or
leaf area become non-significant factors in the multiple regression even though wholetree water use was highly correlated to tree leaf area or live crown length. Tree leaf
area and live crown length were highly linear correlated to basal area (r2 =0.95 and
r2 =0.88), therefore, once basal area was added to the stepwise model, tree leaf area or
live crown length did not significantly change the value of correlation coefficient. Tree
leaf area, if available, is the best predictor. It suggested that when predicting tree water
use and scaling tree level to stand level, tree basal area or sapwood area probably easy
to use predictors in trees with mostly active sapwood. This may not be true for trees
with significant amounts of heartwood or inactive sapwood. But if crown leaf area
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changes due to sudden environmental change, crown leaf area should be a better
predictor for tree or whole-stand tree water use.
Even though individual trees use more water in the thinned treatment compared
to the unthinned treatment, mean whole-stand tree water use in the thinned treatment
was predicted to be 33.96% less than in the unthinned treatment. Morikaws et al.
(1986) studied a 31-year-old stand of Hinoki cypress thinned from 1750 to 1325 trees
per ha and they found daily transpiration of individual trees increased at a given level of
solar radiation, but stand transpiration was 21.2% lower in the thinned stand. Less
whole-stand tree water use in the thinned treatment in the current study is likely
attributed to lower canopy leaf area in the thinned treatment than in the unthinned
treatment. A 25.2% reduction of canopy leaf area in the thinned treatment compared to
the unthinned treatment was found in the current study four years after thinning. The
difference in water use is nearly one to one for the change in leaf area. Fertilization
increased whole-stand tree water use in the thinned treatment, but no significant effects
on whole-stand tree water use in the unthinned treatment were found. This is probably
due to more mutual leaf shading and competition in the fertilized treatment within the
unthinned plots (Boltz et al. 1986, Teskey et al. 1987, Tang 1999b). Knowledge of the
interactions between thinning and fertilization and their effects on leaf area changes
within a stand is necessary to predict changes in stand water use. These effects can
likely be inferred or predicted from effects on tree and stand changes in basal area.
CONCLUSIONS
The effects of thinning, fertilization, and throughfall exclusion treatments on
daily SFDt , whole-tree water use, stand water use, and transpiration per unit leaf area
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were investigated. Thinning significantly increased daily SFDt and whole-tree water
use by 41.6% and 213.8%, respectively. The increased daily SFDt and whole-tree water
use in the thinned treatment can likely be attributed to several factors including greater
space between remaining trees and the resulting increased exposure of the crown to
higher solar radiation, greater air temperatures, and higher vapor pressure deficits; the
increase in sapwood area over time since thinning allowed for reduced resistance of sap
flux up along the stem and greater water storage capacity (Cregg et al. 1990); and the
increase in individual tree leaf area induced by thinning provided large surface area for
transpiration and photosynthesis. In addition, thinning improved the stress of soil
moisture due to increase in water availability to the remaining trees.
In contrast to increasing individual tree water use, whole-stand tree water use
decreased by 33.9% in the thinned treatment. However, crown transpiration and canopy
transpiration per unit leaf area were not significantly different between the thinned and
unthinned treatments. Changes in the crown and canopy leaf area caused by the
thinning probably offset changes in tree and stand water use, resulting no net effects on
transpiration per unit leaf area.
Fertilization significantly increased daily SFDt and whole-tree water use, but the
increases only occurred in the thinned treatment. No significant differences of daily
SFDt and whole-tree water use were noted between the fertilized and unfertilized
treatments in the unthinned treatment. The increases in leaf area per tree and leaf area
per plot within crowns four years following re-fertilization treatments likely increased
mutual leaf shading within these plots offsetting the effect of leaf area increases in
transpiration surface area. It is very important to understand these interacting effects of

107

cultural treatment and adjust for them. Estimated stand-level water use increased with
fertilization in the thinned treatment, but again no significant difference of whole-stand
tree water use was found between the fertilized and unfertilized treatment within the
unthinned treatment. Crown and canopy transpiration per unit leaf area was
significantly lower in the fertilized treatment than in the unfertilized treatment within
the unthinned plots due to more leaf area and not much higher whole-tree water use in
the fertilized, unthinned treatments.
Daily SFDt and whole-tree water use were significantly affected by interaction
of throughfall exclusion and fertilization. In the thinned, fertilized treatment,
throughfall exclusion significantly reduced daily SFDt and whole-tree water use by
14.2% and 30.7%, respectively. However, no significant differences of daily SFDt and
whole-tree water use were found between throughfall exclusion and normal throughfall
treatments within the thinned, unfertilized treatment. Fertilization significantly
increased daily SFDt and whole-tree water use only in the normal throughfall treatment.
Daily SFDt , whole-tree water use, and whole-stand tree water use significantly
changed over the season. Both daily SFDt and whole-tree and whole-stand tree water
use were higher in spring and early summer (April to July) than in late summer (August
to September). Lower rainfall and lower soil water content during August and
September reduced both SFDt and tree water use at both individual tree level and stand
level. The lowest daily SFDt and whole-tree and whole-stand tree water use occurred in
January and December and were related to low PPFD, low temperature, and low VPD.
Generally daily SFDt was highly and positively related PPFD and VPD.
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Whole-tree water use was highly and positively correlated to tree basal area,
sapwood area, tree leaf area and tree live crown length, but not highly correlated to tree
height. To estimate whole-tree water use and scale up to whole-stand tree water use,
tree basal area or sapwood area would be an easier and better predictor variable than
leaf area in many cases. However, leaf area is more sensitive to sudden environmental
changes and year to year fluctuations. If potential effects are to be studied or predicted
tree or stand basal areas may be a good basis for prediction, but if environmental effects
impact leaf area (produce sudden decreases in leaf area) then basal area will not be
sensitive to these effects. In these cases basal are may help with some predictions, but
only if corrected for losses in leaf area. Litterfall collections or remote sensing may be
needed to verify these effects.
Transpiration by trees is key component in the water use of forest stands. Tree
water use is expected to be large to maximize carbon gain (Eamus et al. 2000).
Thinning and fertilization significantly increased tree basal area, sapwood area, and leaf
area, and then increased SFDt and whole-tree water use in this study, which may imply
that thinning also would increase whole-tree photosynthesis and affect other
physiological processes that eventually impact tree growth. Potential interactions may
produce effects that are not additive and in fact may be negative. Care must be taken to
elucidate these conditions so we can correctly model potential changes. Even process
models must account for these synergistic effects by including measurement or
prediction of adequate parameters. From a long-term viewpoint of forest management,
fertilizer should often be applied in combination with the thinning to effectively
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increase and extend the effects of fertilizer on whole tree physiological processes and
tree growth.
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CHAPTER 4
WITHIN-CROWN VARIATION IN SAP FLUX DENSITY AND
WATER USE OF BRANCHES IN AN 18-YEAR-OLD LOBLOLLY
PINE PLANTATION AFTER FERTILIZATION AND
THROUGHFALL EXCLUSION TREATMENTS
INTRODUCTION
The spatial distribution of foliage within pine forest canopies under different
cultural treatments such as thinning, fertilization, and irrigation has been studied
extensively (Arosson and Eloweson 1980, Gillespie et al. 1994, Gravatt 1994, Yu 1996,
Sword et al. 1996, Tang et al. 1999a). Generally, branch and crown characteristics have
been reported to influence Pinus spp. growth performance by affecting the amount and
display of foliage and crown shape and therefore, canopy light interception and carbon
fixation (Connell 1974, Della-Tea and Jokela 1991, McCrady and Jokela 1996).
Fertilization affects both crown morphology and physiology (Brix 1972, 1981,
Sheriff et al. 1986, 1996, Cregg et al. 1990, Thompson and Wheeler 1992, Gravatt
1994, Teskey et al. 1994, Dougherty et al. 1994, 1996, Murthy et al. 1996, Tang et al.
1999b). Specifically, fertilization increases the leaf area of needles, shoots, branches
and whole crowns within 1-4 years after treatment for loblolly pine and has longer time
effects on Douglas-fir (Arosson and Elowson 1980, Brix 1981, Binkley and Reid 1984,
Vose 1988, Vose and Allen 1988, Zhang 1993, Gillespie et al. 1994, Sheriff et al. 1996,
Tang et al.1999a, Yu et al. 1999). Fertilization may also increase photosynthesis. For
example, net photosynthesis of 11-year-old-loblolly pine trees increased 27% for oneyear-old foliage and 24% for current-year foliage after treatment with nitrogen
fertilization (Zhang 1993). However, fertilization did not significantly increase
photosynthesis or transpiration in 13-year old loblolly pine six years following
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fertilization with nitrogen and phosphate (Tang et al. 1999b). Teskey et al. (1994)
indicated that fertilization increased photosynthesis only slightly in a mature slash pine
stand one year following fertilization with N, P K, Ca, Mg, and S.
Rates of branch-level photosynthesis and transpiration depend on the supply of
energy available to support maintenance and growth respiration, the availability of
mineral nutrients and water and environment conditions such as light, temperature,
humidity, and vapor pressure gradient. Water deficits reduce tree growth directly
through effects on cell turgor, enlargement and differentiation, and indirectly through
perturbation of essential physiological processes (Kozlowski 1958). Stomatal
conductance decreases with water deficit because of a reduction in guard cell turgor
leading to stomatal closure. Stomatal closure inhibits both photosynthesis and
transpiration (Kozlowski 1990). Declines in stomatal conductance, photosynthesis, and
transpiration in response to water stress in loblolly pine seedlings have been described
(Brix 1962, Seiler and Johnson 1985, Teskey et al. 1986).
Although the effects of fertilization and water deficit on physiological processes
have been reported in a number of studies, most results have been limited to needlelevel porometry measurements at discrete points in time. These studies are useful in
initial investigations of within crown variation, but are highly variable (Dugas et al.
1993) and difficult scale up to the tree and stand level.
Estimates of whole-tree water use with the reliable and inexpensive methods for
measuring sap flux density in large tree has been reported (Cemak et al. 1973, Edwards
and Booker 1984, Sakuratani, 1984, Granier 1985, 1987, Hatton and Vertessy 1990,
Oren et al. 1993, Andrade et al. 1998, Wullschleger et al. 1998). To scale up water use
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from needle level to tree or stand level, some concurrent measurements are required for
the large trees, which include tree sap flux density measurement, branch sap flux
density measurement, and stomatal conductance measurement at needle level (Andrade
et al. 1998).
The overall objectives of this research were to evaluate transpiration at the
branch-level and assess within crown variation in branch sap flux density and wholebranch water use in vertical and horizontal crown layers for trees in response to
fertilization and throughfall exclusion. Specific objectives were to:
(1) describe the diurnal patterns of branch sap flux density and assess the
relationships between environmental factors and branch sap flux density within
tree crowns;
(2) evaluate the effects of fertilization and throughfall exclusion on branch sap flux
density, branch water use, and branch transpiration per unit leaf area;
(3) assess seasonal changes (early summer and late summer) in branch sap flux
density and whole-branch water use during the growing season; and
(4) quantify the relationship between branch sap flux density and tree sap flux
density.
MATERIAL METHODS
Study Site
The study was conducted in a 18-year-old loblolly pine (Pinus taeda L.)
plantation in the West Pasture, Johnson Tract, Palustris Experimental Forest, Rapides
Parish, Louisiana (310 07’N, 930 17’W) where mean annual temperature is 18.9 0 C and
mean annual rainfall is 1383.79 mm. The soil on the site is a Beauregard silt loam
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(fine-silty, siliceous thermic Plinthaquic Paleudults) (Kerr et al. 1980) and is moderately
well drained, slowly permeable and gently slopping.
The loblolly pine plantation was established in May 1981. Fourteen-week-old
containerized loblolly pine seedlings were planted at a spacing of 1.83 m by 1.83 m
(2990 trees per ha). The understory hardwood trees, shrubs and Rubus spp. were
removed from between the rows of established pine trees with a mower. Herbicides
were sprayed to control understory vegetation. Twelve research plots, uniform in terms
of tree size and spacing, were established within the plantation in the fall of 1988. Each
plots was 23.8 m by 23.8 m (0.06 ha) with 13 rows of 13 trees each.
Initial thinning and fertilization treatments were applied in the spring of 1989.
Six of twelve plots were thinned by removing every other row of trees and every other
tree in the remaining rows leaving 731 trees per hectare. Fertilizer was randomly
applied to half of experimental plots. Plots were fertilized with 747 kg per hectare
diammonium phosphate (135 kg N and 150 kg P ha -1) as recommended by Shoulders
and Tiarks (1983) based on loblolly pine growing on the phosphate-deficient soils at
their study sites. A second thinning and fertilization was applied to the previously
thinned and fertilized plots in March of 1995. The second thinning, was based on
bringing the thinned plots to 30% of maximum stand density index, and resulted in a
residual basal area of 15.6 m2 per hectare in the thinned plots. Fertilization included
addition of urea, mono-calcium phosphate and potash (200 kg N, 50 kg P and 50 kg K
ha-1) to the previously fertilized plots.
In February of 1999, four of the six thinned plots with the fertilized or
unfertilized treatment were divided into two equal subplots within each thinned plot. A
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throughfall exclusion treatment was installed on one subplot and the other subplot was
allowed to receive normal precipitation (normal throughfall, Figure 4.1). Where plot
topography was uniform throughfall exclusion subplots were installed randomly.
Otherwise, throughfall exclusion subplots were installed to minimize the influence of
surface and subsurface flow from adjacent areas during precipitation events. On the
throughfall exclusion subplots, grey tarps 3.65 m by 7.31 m (12 ft. by 24 ft) size were
hung from cables in a concave "V" shape (see Chapter 3, Figure 3.2). . The tarps from
each parallel pair of tree rows were connected to a drain trough built with PVC pipes,
about 0.6 m above the ground. Polyethylene sheets were used to cover the holes
between each tarp-trough system. At each treatment border, tarps were hung from the
cable to the ground to prevent blow-in from the outside. All troughs between the tree
rows were connected to one large aluminum drain system at the border of each plot.
The intercepted water was removed from the site through the drain system. The pine
litter that accumulated in the tarps and drain troughs was removed periodically.
Sampling and Sap Flux Density Measurements
The branch level study of sap flux and water use discussed herein was carried
out on the throughfall exclusion and fertilization treatment combinations within the
thinned plots (Figure 4.1). Two dominant or codominant trees from each subplot were
selected for measurement of both branch level and tree level sap flux density. Six
primary branches were selected from each sample tree for branch sap flux density
measurement (Figure 4.2). Three branches were selected from each of two crown
levels, the upper and lower crown. Within each crown level a single branch was chosen
from each of three cardinal directions: north, south, and east side quadrants.
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Figure 4.1. Treatment and plantation layout (for whole plots: TF = Thinned × Fertilized,
TUF = Thinned × Unfertilized; and for subplots: TE = Throughfall Exclusion, NT =
Normal Throughfall).
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Figure 4.2. Diagram of branch sap flux density measurement locations for three branch
orientations (south (N), south (S), and east (E)) within upper and lower crown levels
and tree sap flux density measurement at tree breast height (DBH, 1.37 m above
ground).
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The constant-heat flow method was used to measure branch sap flux density
(Grainer 1985, 1987, Phillip et al. 1996). Each branch sap flux density sensor consisted
of a pair of probes with a 1 cm effective measuring length. Branch probes were
restricted to 1 cm to ensure that probe length did not exceed half of branch diameter for
selected branches (23 to 72 mm). Each probe contained a copper-constantan
thermocouple in the middle to measure probe temperature. A pair of probes for each
sensor was inserted into the branch at two separate positions (spacing of approximately
15 cm, Figure 4.3). The upper probe was heated with a constant energy (200 mWatt
DC), which was dissipated as heat into the sapwood and by vertical sap flux
surrounding the probe. The lower probe was left unheated to monitor ambient
temperature of sapwood. Both thermocouples were connected at the constantan end and
provide the temperature difference between the two probes. Signals from the sap flux
sensors were scanned and recorded by multiple-channel EnvLogger (designed and built
by Louisiana State University, School of Renewable Natural Resources) every 30
minutes during study period. To provide thermal conductivity, silicon grease was
attached to all-excess space in drilled holes and covered all sensor housings. To prevent
effects of precipitation on sensors and minimize radiant heating and convective heat
loss, mylar reflective sheeting (Nielson Enterprises, Kent Washington) was applied
around the tree stem to cover the sensors.
Branch sap flux density (SFDb, g H2 O m-2 s-1) was calculated based on the
temperature difference between upper and lower probes (measured as voltage and
transformed to temperature (0 C)) using an empirical relationship validated for several
woody species (Granier 1985, 1987):
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Figure 4.3. Branch sap flux density sensors shown on two branches, each with a pair of
probes (black with heater and green without) normally covered by mylar to shield from
rainfall and sudden changes in radiant heat loads.
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1.231

SFDb = 119 (dTmax - dTa) /dTa )

(4.1)

where dTmax is the temperature difference between the probes at zero flow and was
calculated by every day, dTa is the measured temperature difference at actual sap flux,
and 119 and 1.231 are empirical constants from calibration (Granier 1985).
Branch water use (g s-1) was calculated as:
F = SFDb × SA

(4.2)

where SA was the cross-sectional sapwood area (m2 ) of the branch.
Total branch leaf surface area was estimated from branch diameter, distance
from the top of crown to the base of the branch, and projected specific leaf area based
on the equation (Yu 1996):
ln(LAb ) = β 0 + β1 ln(Db ) + β 2 ln(Dist)

(4.3)

where LAb is leaf area per branch (m2 ), Db is diameter at branch base (mm), Dist is
distance from top of crown to the branch base (m), and β 0 , β1 , β2 , are constants. Branch
projected leaf area was calculated by branch total surface leaf area multiplied by the
ratio of projected leaf area to total surface leaf area (Yu 1996).
Branch transpiration per unit leaf area was calculated by branch water use
divided by branch project leaf area. Branch sap flux density was monitored from May
26 to February 10 1999.
Environmental Measurements
Steel towers and wooden walkways within each plot provided access to tree
crowns and attachment points for environmental sensors. Total 24 temperature sensors
and 24 quantum light sensors were installed in eight sample trees within thinned plots in
replication one (a temperature and a quantum light sensor for each crown level (upper,
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middle, and lower crown) of each sample tree in each plot of replication one).
Photosynthetic photon flux density (PPFD) and air temperature were continuously
recorded by a computer-controlled data acquisition system. Rainfall was measured by
RG40 Sierra Misco Tipping Bucket Raingauge every day (Model 2501 Rain Gauge,
Sierra-Misco, Inc.) during study (Dan Andries, personal communication) in the open
field near the study site. The relative humidity was measured by RH probe, Vaisala
humidity from Finland in the open field near the study site.
Soil water content (SWC) was measured by time domain reflectometer (TDR)
(Trase System I 6050X1, Soil Moisture Equipment Corp., Santa Barbara, CA) from
April 1999 to December 1999 (Mary Anne Sword, personal communication). At 6
hours intervals, SWC was automatically recorded at four depths (see table 3.1)
corresponding to texturally distinct soil layers in the soil profile of Beauregard silt loam
soil (Kerr et al. 1980).
Soil water content, at the four soil depths, was measured adjacent to each tree (1
m from base of the tree) at which sap flux density was measured. At each tree where
SWC was measured, one soil sample from each sensor depth was collected at the time
of sensor installation by sampling soil at the appropriate depth from the perimeter or
bottom of the hole associated with the 60 to 100 cm sensor. A moisture release curve
was developed (conducted by Sword and Kuehler) for each sample to express SWC as
soil water potential (SWP) and to quantity the amount of plant-available soil water
(PAW). PAW was calculated based on volumetric water content (%) measured by TDR
and volumetric water content (%) at wilting point -1.5 MPa predicted from soil moisture
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release curves (Sword and Kuehler, personal communication) at each measurement
depth. The equation was as follows:
PAW = (SWCTDR- SWCw)/100 × depth

(4.4)

Where SWCTDR is volumetric water content (%) measured by TDR, SWCw is
volumetric water content (%) at wilting point (-1.5 Mpa). The total PAW at the 0-100
cm depth was calculated by summing the PAW of each of the four soil layers.
Other Physiological Measurements Related To This Study
The related physiological measurements at the needle level were made (Jamie
Tang, personal communication) each month on each sample tree during the period of
this study. The measurements included net photosynthetic rate, stomatal conductance to
water vapor, transpiration rate, vapor pressure difference from leaf surface to air, and
xylem water potential.
Statistical Analysis
The experimental design was a split-split-split plot with repeated measures. The
whole plot was a CRD with fertilization (fertilized and unfertilized) in a main effect
treatment and plots as experimental units. The split plot partition had throughfall
exclusion (throughfall exclusion and normal throughfall) in a main effect structure with
half plots as experimental units. The split-split plot partition had crown level (upper
and lower crown) in main effect structure with crown levels as experiment units.
Finally, the split-split-split plot partition had three-branch orientation in cardinal
directions (north, south, and east) in main effect structure with repeated measures.
Responses of branches oriented to the west were assumed to mirror the response of
branches oriented to the east on a time basis. Seasonal periods, early summer (June to
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July) and later summer (August to September) or diurnal periods (morning, noon, and
afternoon) were repeated measures.
Analysis of variance (ANOVA) was used to test significant main effects and
interactions of fertilization (F), throughfall exclusion (T), crown levels (C), cardinal
directions (D) and seasonal periods (P) on mean daily branch sap flux density, mean
daily whole-branch water use, mean branch transpiration per unit leaf area, and midday
(10:00 am to 2:00 pm, CST) branch sap flux density. The model with main effects and
their interactions was used to test each attribute within period of June to September
(Kuehl 1994, Blouin, personal communication):
Yihjklm =µ + Fi + eh(i)

Fertilization part of the model

+ Tj + (FT)ij + ehij

Throughfall exclusion part of the
model

+ Ck + (FC)ik + (TC)jk + (FTC)ijk + ehijk

Crown part of the model

+ Dl + (FD)il + (TD)jl + (FTD)ijl + (CD)kl
+ (FCD)ikl + (TCD)jkl + (FTCD)ijkl + ehijkl

Cardinal direction part of model

+ Pm + (FP)im + (TP)jm + (FTP)ijm + (CP)km
+ (FCP)ikm + (TCP)jkm +(FTCP)ijkm
+ (DP)ml + (FDP)ilm + (TDP)jlm + (FTDP)ijlm
+ (CDP)klm + (FCDP)iklm + (TCDP)jklm
+ (FTCDP )ijklm + ehijklm
Period part of the model
(4.5)
i = 1,2

j = 1,2

k = 1, 2

l = 1, 2, 3

m = 1, 2.

Where Yihjklm is mean of two sample branches response to cardinal direction l, crown
level k, throughfall exclusion j, fertilization treatment i during period m,
µ is the population mean,
Fi is the effect of the ith level of fertilization,
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eh(i) is whole plot random error to test fertilization effect,
Tj is the effect of the jth level of throughfall exclusion,
(FT)ij is the interaction effect of the ith level of fertilization and the jth level of
throughfall exclusion,
ehij is subplot random error to test throughfall exclusion effect and interaction
with fertilization,
Ck is the effect of the kth level of crown,
(FC)ik is the interaction effect of ith level of fertilization and the kth level of
crown,
(TC)jk is interaction effect of jth level of throughfall exclusion and the kth level
of crown,
(FTC)ijk is interaction effect of the ith level of fertilization and the jth level of
throughfall exclusion and the kth level of crown,
ehijk is partition subplot random error to test crown effect and interaction with
fertilization and throughfall exclusion,
Dl is the effect of the lth level of cardinal direction,
(FD)il is interaction effect of the ith level of fertilization and the lth level of
cardinal direction,
(TD)jl is interaction effect of the ith level of throughfall exclusion and the lth
level of cardinal direction,
(FTD)ijl is interaction effect of the ith level of fertilization and the jth level of
throughfall exclusion and the lth level of cardinal direction,
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(CD)kl is interaction effect of the kth level of crown and the the lth level of
cardinal direction,
(FCD)ikl is interaction effect of the ith level of fertilization and kth level of
crown and the lth level of cardinal direction,
(TCD)jkl is interaction effect of the ith level of throughfall exclusion and the kth
level of crown and the lth level of cardinal direction,
(FTCD)ijkl is interaction effect of the ith level of fertilization and the jth level of
throughfall exclusion and the kth level of crown and the lth level of cardinal
direction,
ehijkl is partition subplot random error to test cardinal direction effect and
interaction with fertilization, throughfall exclusion, and crown level,
Pm is the effect of the mth level of period,
(FP)im is interaction effect of the ith level of fertilization and mth level of period
(TP)jm is interaction effect of the jth level of throughfall exclusion and mth level
of period,
(FTP)ijm is interaction effect of the ith level of fertilization and the jth level of
throughfall exclusion and mth level of period,
(CP)km is interaction effect of the kth level of crown and mth level of period,
(FCP)ikm is interaction effect of the ith level of fertilization and the kth level of
crown and mth level of period,
(TCP)ikm is interaction effect of the jth level of throughfall exclusion and the kth
level of crown and mth level of period,
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(FTCP)ijkm is interaction effect of the ith level of fertilization and the jth level of
throughfall exclusion and the kth level of crown and the mth level of period,
(DP)ml is interaction effect of the lth level of cardinal direction and the mth level
of period,
(DP)ml is interaction effect of the lth level of cardinal direction and the mth level
of period,
(FDP)ilm is interaction effect of the ith level of fertilization and the lth level of
cardinal direction and mth level of period,
(TDP)jlm is interaction effect of the jth level of throughfall exclusion and the lth
level of cardinal direction and mth level of period,
(FTDP)ijlm is interaction effect of the ith level of fertilization and the jth level of
throughfall exclusion and the lth level of cardinal direction and mth level of
period,
(CDP)klm is interaction effect of the kth level of crown and the lth level of
cardinal direction and the mth level of period,
(FCDP)iklm is interaction effect of the ith level of fertilization and the kth level of
crown and the lth level of cardinal direction and the mth level of period,
(TCDP)jklm is interaction effect of the ith level of throughfall exclusion and the
kth level of crown and the lth level of cardinal direction and the mth level of
period,
(FTCDP)ijklm is interaction effect of the ith level of fertilization and the jth level
of throughfall exclusion and the kth level of crown and the lth level of cardinal
direction and the mth level of period, and ehijklm is residual.
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SAS GLM, Mixed models (SAS V 6.12, SAS Institute, Inc., Cray, NC. USA,
Littell et al. 1996) were employed for all attributes of variance analysis. If the test for
interactions were significant, simple effects were tested (Stehman and Meredith 1995)
using adjusted Tukey test (Geaghan, personal communication), otherwise the
significance of main effects was tested. To compare time period during the day effects
on branch sap flux density and interaction with fertilization, throughfall exclusion,
crown level, and cardinal direction, the full model was used as in model 4.5. When
cardinal direction effects were not significant, the data was pooled to crown level for
further analysis. For mean midday branch transpiration, a separated full model (taking
out cardinal direction effect) was used for variance analysis. A probability level of 0.1
was chosen.
RESULTS
General Characteristics and Diurnal Patterns
The diurnal patterns of mean branch sap flux density (SFDb, rate of sap flux per unit of
branch sapwood area, g H2 O m-2 s-1) were similar in different treatments within both
the upper and lower crown levels (Figure 4.4). During sunny cloud-free days SFDb
typically increased during the morning hours to a peak near mid-morning, remained
high until mid-afternoon and then decreased in the late afternoon as sunlight and VPD
declined. Variations of SFDb were correlated to changes in PPFD. On days that were
partly cloudy (Figure 4.4, day 173, June 22), SFDb directly responded to changes in
PPFD and VPD. A short period in the early morning was sunny and the early morning
response of SFDb was typical, but as cloudiness began to increase, PPFD and VPD
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Figure 4.4. Typical patterns of mean photosynthetic photon flux density (A, PPFD),
mean vapor pressure deficit (B, VPD), and mean branch sap flux density in
different treatments for upper crown (C) and lower crown (D) (F, NT = Fertilized,
Normal Throughfall; F, TE = Fertilized, Throughfall Excluded; UF, NT = Unfertilized,
Normal Throughfall; UF, TE = Unfertilized, Throughfall Excluded).
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declined. The declines in PPFD and VPD were accompanied by declines in SFDb.
Periods of increasing and decreasing cloudiness were associated with changes in PPFD
and VPD always followed by associated changes in SFDb.
Effects of Branch Insertion Direction
There were no significant interaction effects of branch cardinal directions
(direction of orientation or insertion into the tree stem) with treatments, crown levels,
and periods for mean daily SFDb and daily branch water use (Table 4.1). No significant
main effects of branch cardinal directions were found on mean daily SFDb and daily
branch water use.
The effects of branch cardinal directions on mean SFDb during three periods of
the day: early morning (8:00 am to 9:30 am, CST), midday (10:00 am to 2:00 pm,
CST), and afternoon (2:30 am to 5:00 pm, CST) within crown levels were also
analyzed. There were no significant differences of SFDb among south, north, and east
branch insertions for the three time intervals of day (Table 4.2). Since branch insertion
direction had no significant effects on either variable, all branch insertions were
combined for further analysis.
Treatment and Crown Level Effects
Mean daily SFDb was significantly affected by the interactions between
fertilization and crown levels (Table 4.1 and Figure 4.5). In the both of fertilized and
unfertilized treatments, upper crown branches had significantly higher mean daily SFDb
than lower crown branches. Mean daily SFDb in the lower crown sample branches was
only 71.4% of that in the upper crown sample branches (51.26 vs. 71.76 gH2 O cm-2 day1

). In the upper crown, mean daily SFDb was not significantly different between the
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Table 4.1 ANOVA probability values for mean daily branch sap flux density and mean
daily whole-branch water use of 18-year-old loblolly pine trees in central Louisiana
with fertilization as the whole plot, throughfall exclusion, crown level, and cardinal
direction as split plots with two periods (June to July and August to September) as
repeated measures.
ANOVA1 sources

df2

Branch sap flux
density
P-value

Whole-branch
water use
P-value

Fertilization3 (F)

1

0.32

0.001

Throughfall exclusion4 (TE)

1

0.23

0.001

F*TE

1

0.98

0.96

Crown level5 (C)

1

0.0001

0.57

C*F

1

0.07

0.73

C*TE

1

0.43

0.66

C*F*TE

1

0.16

0.91

Side6

2

0.23

0.72

F*Side

2

0.15

0.18

TE*Side

2

0.26

0.43

F*TE*Side

2

0.17

0.60

C*Side

2

0.83

0.35

F*C*Side

2

0.85

0.28

TE*C*Side

2

0.91

0.30

F*TE*C*Side

2

0.21

0.86

Periods7 (P)

1

0.0098

0.04

P*F

1

0.67

0.49

P*TE

1

0.93

0.06

P*F*TE

1

0.90

0.93

P*C

1

0.59

0.29
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Table 4.1 (continue)
ANOVA1 sources

df2

Branch sap flux
density
P-value

Whole-branch
water use
P-value

P*F*C

1

0.97

0.75

P*TE*C

1

0.46

0.45

P*F*TE*C

1

0.81

0.95

P*Side

2

0.92

0.94

P*F*Side

2

0.86

0.94

P*TE*Side

2

0.96

0.97

P*F*TE*Side

2

0.99

0.97

P*C*side

2

0.93

0.92

P*F*C*Side

2

0.95

0.88

P*TE*C*Side

2

0.97

0.96

P*F*TE*C*Side

2

0.95

0.97

1

Analysis of variance
Degrees of freedom
3
Two levels of fertilization: fertilized and unfertilized.
4
Two levels of throughfall exclusion: throughfall exclusion and normal throughfall.
5.
Two levels of crown: upper versus lower crown.
6.
Cardinal directions of branch location included north, south, and east sides.
7.
Periods were early summer (June to July) and late summer (August to September).
2
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Table 4.2 ANOVA probability values for mean branch sap flux density of 18-year-old
loblolly pine trees in central Louisiana with fertilization as the whole plot, throughfall
exclusion, crown level, and cardinal direction as split plots with three time intervals as
repeated measures.
ANOVA1 sources

df2

Branch sap flux density
P-value

Fertilization3 (F)

1

0.68

Throughfall Exclusion4 (TE)

1

0.40

F*TE

1

0.79

Crown level5 (C)

1

0.0001

C*F

1

0.09

C*TE

1

0.53

C*F*TE

1

0.22

Side6

2

0.31

F*Side

2

0.44

TE*Side

2

0.54

F*TE*Side

2

0.62

C*Side

2

0.88

F*C*Side

2

0.75

TE*C*Side

2

0.98

F*TE*C*Side

2

0.21

Time7 (T)

2

0.0001

T*F

2

0.67

T*TE

2

0.93

T*F*TE

2

0.12

T*C

2

0.58
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Table 4.2 (Continue).
ANOVA1 sources

df2

Branch sap flux density
P-value

T*F*C

2

0.45

T*TE*C

2

0.60

T*F*TE*C

2

0.94

T*Side

4

0.84

T*F*Side

4

0.45

T*TE*Side

4

0.70

T*F*TE*Side

4

0.79

T*C*side

4

0.99

T*F*C*Side

4

0.81

T*TE*C*Side

4

0.51

T*F*TE*C*Side

4

0.75

1

Analysis of variance
Degrees of freedom
3
Two levels of fertilization: fertilized and unfertilized.
4
Two levels of throughfall exclusion: throughfall exclusion and normal throughfall.
5
Two levels of crown: upper versus lower crown.
6
Cardinal directions of branch location included north, south, and east sides.
7
Time intervals were the early morning (8:00 am to 9:30 am, CST), midday (10:00 am
to 2:00 pm, CST), and afternoon (2:30 am to 5:00 pm, CST).
2
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Figure 4.5. Upper and lower crown mean daily branch sap flux density in the fertilized
and unfertilized treatments within thinned plots. F = Fertilized treatment and UF =
Unfertilized treatment. Different lower case letters show significant differences between
crown levels within fertilized or unfertilized treatment, and different upper case letters
show significant differences between the fertilized and unfertilized treatments within
upper or lower crown (P<0.1).
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fertilized treatment and the unfertilized treatment. However, mean daily SFDb in the
lower crown of the unfertilized treatment was 25% higher than in the lower crown of
the fertilized treatment (57.08 vs. 45.43 gH2 Ocm-2day-1).
The diurnal pattern of mean SFDb in the upper crown vs. lower crown is
illustrated in figure 4.6. Upper crown mean SFDb was higher than lower crown SFDb
throughout most of the day. During sunny days SFDb between crown levels was similar
only for very early morning and very late afternoon periods when PPFD was none
saturating for stomatal response. Even on partly cloudy or rainy days (eg. Day 173)
SFDb for both crown levels remained different except at very low PPFD levels. The
maximum difference in mean SFDb for the upper and lower crowns generally occurred
sometime during the midday period.
Main effects or interaction effects of fertilization and throughfall exclusion on
mean daily SFDb were not significant (Table 4.1). Mean daily whole-branch water use
(gH2 O day-1 per branch) was, however, significantly increased by fertilization. Mean
daily whole-branch water use was 33% greater in the fertilized treatment than in the
unfertilized treatment (Figure 4.7 A). Throughfall exclusion significantly reduced mean
daily whole-branch water use by 39% compared with normal throughfall (Figure 4.7 B).
Mean daily whole-branch water use was not significantly affected by interaction
between fertilization and throughfall exclusion or interaction between crown levels and
either fertilization or throughfall exclusion.
When the data was analyzed for early summer and late summer periods (June to
July and August to September, respectively), both daily SFDb and daily whole-branch
water use differed significantly between the two periods (Table 4.1). Mean daily SFDb

135

PPFD (µmol m -2s-1)

1400
1200

A

1000
800
600
400
200
0

VPD (KPa)

5
4

B

3
2
1
0

-2 -1
Sap Flux Density (gH 2O m s )

40

C
30

20

10

0

171

172

173

219

220

221

Figure 4.6. Typical diurnal patterns for upper crown (solid line) and lower crown
(dotted line) mean photosynthetic photon flux density (A, PPFD), mean vapor pressure
deficit (B, VPD), and mean sap flux density (C).
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Figure 4.7. Mean daily branch water use of 18-year-old loblolly pines in fertilized and
unfertilized treatments (A), and in throughfall exclusion and normal throughfall
treatments (B). Different letters show significant differences between treatments
(P<0.1).
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and daily whole-branch water use were higher in early summer period than in late
summer period (Figure 4.8 A and B). The interaction of throughfall exclusion and
seasonal periods for mean daily whole-branch water use was also significant. In the
early summer, normal throughfall plots had 67% greater mean daily whole-branch water
use than plots with throughfall exclusion. But in the late summer, there was no
significant difference in mean daily whole-branch water use between throughfall
exclusion and normal throughfall plots (Figure 4.9). No significant interaction of
fertilization and periods was found for either daily SFDb or daily whole-branch water
use.
Branch Transpiration
Diurnal patterns of mean branch transpiration during the early summer (June to
July) and the late summer (August to September) are presented for several measurement
times (9:00 am, 11:00 am, 1:00 pm, 3:00 pm, and 5:00 pm, CST) in Figure 4.10.
Branch transpiration increased in the morning and declined in the afternoon.
Midday branch transpiration (10:00 am to 2:00 pm, CST) was not significantly
affected by fertilization or throughfall exclusion (Table 4.3). Crown levels and summer
period, however, significantly affected midday branch transpiration. In the upper
crown, mean midday branch transpiration was 1.44 mmol m-2s-1, while lower crown,
mean midday branch transpiration was only 1.15 mmol m-2s-1. Mean midday branch
transpiration in early summer was greater than in late summer (1.51 mmolm-2s-1 vs. 1.08
mmol m-2s-1). Interaction between fertilization and crown levels, also, significantly
affected midday branch transpiration. Mean midday branch transpiration in the lower
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Figure 4.8. Mean daily branch sap flux density (A) and mean daily branch water use (B)
for the periods of June to July and August to September. Different letters show
significant differences between periods (P<0.1).
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Figure 4.9. Mean daily branch sap flux density in the throughfall exclusion (TE) and
normal throughfall (NT) treatments for the periods of June to July and August to
September. Different lower case letters show significant differences between periods
within treatments, and different upper case letters show significant differences between
the throughfall exclusion and normal throughfall treatments within period (P<0.1).
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Figure 4.10. Diurnal patterns of mean branch transpiration per unit leaf area at five
instantaneous times (9:00 am, 11:00 am, 1:00 pm, 3:00 pm, and 5:00 pm, CST) in the
early summer (June to July) and the late summer periods (August to September) of 1999
in an 18-year-old loblolly pine plantation in central Louisiana.
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Table 4.3. ANOVA probability values for mean midday branch transpiration per unit
leaf area of 18-year-old loblolly pine trees in central Louisiana with fertilization as the
whole plot, throughfall exclusion and crown levels as split plots with two periods (June
to July and August to September) as repeated measures.
df2

Branch transpiration
per unit leaf area
P-value

Fertilization3 (F)

1

0.12

Throughfall exclusion4 (TE)

1

0.29

F*TE

1

0.07

Crown level5 (C)

1

0.005

C*F

1

0.004

C*TE

1

0.84

C*F*TE

1

0.98

Periods6 (P)

1

0.0001

P*F

1

0.98

P*TE

1

0.30

P*F*TE

1

0.28

P*C

1

0.72

P*F*C

1

0.81

P*TE*C

1

0.84

P*F*TE*C

1

0.60

ANOVA1 sources

1

Analysis of variance
Degrees of freedom
3
Two levels of fertilization: fertilized and unfertilized.
4
Two levels of throughfall exclusion: throughfall exclusion and normal throughfall.
5
Two levels of crown: upper versus lower crown.
6
Periods were early summer (June to July) and late summer (August to September).
2
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crown of the fertilized treatment was significantly lower than that of the unfertilized
treatment (1.01 mmol m-2s-1 vs. 1.29 mmol m-2s-1). However, in the upper crown, there
was no significant difference between mean midday branch transpiration in the
fertilized and unfertilized treatments (1.43 mmol m-2s-1 vs. 1.44 mmol m-2s-1).
Relations of Branch Level and Tree Level Sap Flux Density
The general diurnal patterns of mean SFDb in the upper and lower crown and
mean SFDt during June to September were similar (Figure 4.11). Mean sap flux density
of upper crown and lower crown branches generally followed a bell-shaped curve
similar to tree sap flux density (SFDt ). Mean SFDt peaked 24.7 gH2 O m-2 s-1 at 11:30
am and mean upper crown and lower crown SFDb peaked 21.6 gH2 O m-2 s-1 and 16.9
gH2 O m-2 s-1 around 11:00 am, respectively. Mean SFDt was higher than both upper
and lower crown SFDb during 10:30 am to 4:00 pm time interval. In early morning
before 8:30 am, however, SFDt behind SFDb. SFDt was lower than both SFDb in the
upper and lower crown at 8:00 a.m. SFDt values were lower than upper crown SFDb
until nearly 9:30 a.m. No obvious differences between SFDt and upper crown SFDb
were found after 6:30 pm. SFDb in the lower crown was lower than SFDt for most of
the daytime period. Mean midday sap flux density (10:00 am to 2:00 pm, CST) of trees
and upper- and lower- crown branches were calculated and examined in periods of early
summer (June to July) and late summer (August to September). Mean midday sap flux
density was significantly different among trees, upper crown branches, and lower crown
branches (P<0.0001). Mean midday sap flux densities of trees and upper- and lowercrown branches were significantly higher in early summer than in late summer periods
(Figure 4.12). No significant interactions for mean midday SFD between periods and
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Figure 4.11. Typical diurnal patterns of mean photosynthetic photon flux density (A,
PPFD), mean tree sap flux density and mean branch sap flux density of the upper and
lower crown (B), for days 172 and 219.
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Different lower case letters show significant differences between periods, and different
upper case letters show significant differences among tree and branches within each
period (P<0.1).
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crown levels or periods and tree level measurements were found. Overall mean ratios
of SFDb to SFDt were 0.85 and 0.67 for upper crown branches and lower crown
branches, respectively.
The relationship between SFDt and SFDb in the upper crown and lower crown is
illustrated in figure 4.13. The data set included mean SFDt , upper crown SFDb and
lower crown SFDb from 8:00 am to 8:00 pm from June1 to September 30. For future
scaling purposes, a multiple regression equation was developed to predict SFDt from
upper crown SFDb and lower crown SFDb as following:
SFDt = 0.1927 + 0.8104 (SFDub) + 0.3201 (SFDlb ) (4.4)
(n = 3046, r2 = 0.85, Root MSE=3.25)
where SFDt is tree sap flux density; SFDub is upper crown branch sap flux density; and
SFDlb is lower crown sap flux density.
DISCUSSION
The effects of cultural treatment and environment conditions on physiological
processes and water use have been reported using porometry measurements at discrete
points in time. The non-continuous and highly variable nature of these measurements
has often prevented their application for scaling needle-level water use to crown-level
(Dugas et al. 1993). To scale water use up from the needle-level to the tree- or standlevel, concurrent measurements of branch and tree sap flux density and needle
transpiration are required (Andrade et al. 1998).
In an investigation of 5-year-old open-grown Carya illinoiensis (Wangenh.) K.
Koch (pecan), Steinberg et al. (1990) reported that the sap flux density of branches with
a northern exposure was 41% less than that of branches with a southern exposure, and
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Figure 4.13. The relationship between mean branch sap flux density in the upper
crown versus lower crown and mean tree sap flux density during the period from June
to September (n=3046) in an 18-year-old loblolly pine plantation in central Louisiana.
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peak sap flux density of the south-facing branches matched that of the entire crown.
Similar results were found by Hinckley et al. (1970) who studied the transpiration of
two open-grown Pacific silver fir trees. They found that transpiration on the southeast
and southwest sides of trees was different. Specifically, in the morning transpiration
was higher on the southeast than on the southwest side of trees, but in the afternoon, the
southwest side had higher transpiration.
In the current study, branch direction did not significantly affect daily SFDb or
whole-branch water use. Inconsistency between the current study and the results of
Steinberg et al. (1990) and Hinckley et al. (1970) may be related to the differences in
growing conditions. Steinberg et al. (1990) and Hinckley et al (1970) conducted their
studies with open-grown trees, whereas, the current study was conducted in a
plantation. The range of variation in the microenvironment of open- and plantationgrown trees is dissimilar. Steinberg et al. (1990) found that sap flux density on the
south-facing branch was higher than that of the north-facing branch during midday, but
they had similar sap flux densities in the morning and late afternoon. They suggested
that differences in the branch sap flux density of south- and north-oriented branches are
caused by the difference in exposure to radiation. Hinckley et al. (1970) suggested that
since the daily directional pattern of sap flux density coincided with radiation and VPD,
transpiration within the crown be influenced independently by daily changes in the
microenvironment at the transpiring surface of open grown trees. The trees in the
current study were growing in a plantation and therefore, were somewhat buffered from
directional differences in microenvironment by neighbouring trees.
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Daily SFDb was significantly higher in the upper crown than in the lower crown
in both of the fertilized and unfertilized treatment within the thinned plots four years
after re-thinning and re-fertilization. The differences may have been caused by
differences in light availability. Teskey et al. (1994) and many others (Nowak et al.
1990, Ginn et al. 1991, Gravatt 1994, Tang et al. 1999b) have found that stomatal
conductance and transpiration increase with increasing PPFD. Although Ginn et al.
(1991) and Nowak et al. (1990) reported that physiological traits such as needle-level
photosynthesis and stomatal conductance were not significantly different between the
lower and the upper crown in thinned stands, they attributed this finding to the
occurrence of similar light level in both the upper and lower crown within three years
after thinning. Mean PPFD in the current study was significantly higher in the upper
crown than in the lower crown. From June to September, upper crown, mean daytime
PPFD averaged 511.01 µmol m-2 s-1 and in the lower crown, mean daytime PPFD
averaged 297.30 µmol m-2 s-1. Canopy closure during the four years since thinning was
sufficient to cause a difference in light levels between the upper and lower canopy.
Gravatt (1994) and Tang et al.'s (1999b) studies found similar differences in canopy
light levels after the first application of thinning treatment on the same study area. They
reported that, for the same study site, the foliage in the upper crown generally had
higher rates of physiological activity greater than that in the lower crown within six
years after thinning.
A significant interaction of crown level and fertilization was found for daily
SFDb. No significant difference in mean daily SFDb occurred in the upper crown
between the fertilized and unfertilized treatments. However, mean daily SFDb in the
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lower crown was lower in the fertilized treatment than in the unfertilized treatment.
The difference in the lower crown between the fertilized and unfertilized treatments is
likely an indirect result of more leaf area produced in the fertilized treatment compared
to the unfertilized treatment. The greater leaf area increase in the fertilized treatment
could speed up canopy closure and needle or branch mutual shading. Monitoring of
canopy level environmental data on the current study plots revealed that mean daily
PPFD in the lower crown was 240.26 µmol m-2s-1 and 355.65 µmol m-2s-1 in the
fertilized treatment and unfertilized treatment, respectively. A thirty-two percent
decrease in PPFD of the lower crown in the fertilized treatment is likely the important
factor affecting SFDb. Lower PPFD would lead to lower leaf temperature and lower
VPD as well and all would interact to reduce atmosphere demand for water vapor in the
lower crown of trees in the fertilized plots.
The fertilization main effect was not significant on SFDb. However, wholebranch water use was significantly higher in the fertilized treatment than in the
unfertilized treatment. The effects of fertilization on whole-branch water use were
likely the effects of larger branch sizes and larger leaf area per branch in the fertilized
treatment than in the unfertilized treatment. In the fertilized treatment, mean branch
leaf area was 58% greater than in the unfertilized treatment (6.06 m2 vs. 3.83 m2 ) four
years after re-fertilization. Significant increases in leaf area caused by fertilization has
commonly been reported (Brix 1981, Vose and Allen 1988, Gillespie et al. 1994, Tang
et al.1999a, Yu et al. 1999). Brix (1981) reported that fertilization and the combination
thinning and fertilization treatments led to increased needle and branch leaf area in a
Douglas fir stand as measured seven years after treatment. Studies of Vose and Allen
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(1988) and Gillespie et al. (1994) indicated that fertilization increased leaf area or leaf
area index of loblolly pine measured two to three years after application of fertilization
treatments. Tang et al. (1999a) and Yu et al. (1999) revealed that fertilization increased
upper crown needle and shoot leaf area and leaf area index in a 14-year-old loblolly
pine plantation measured four or six years after treatment.
Daily whole-branch water use significantly differed between throughfall
exclusion and normal throughfall plots. Throughfall exclusion decreased mean daily
whole-branch water use by 39% when compared to the normal throughfall plots. The
differences in whole-branch water use between throughfall exclusion and normal
throughfall plots may be attributed to soil water content decrease caused by throughfall
exclusion. Mean volumetric water content was 14.7% in the throughfall exclusion plots
and 16.5% in normal throughfall plots during the period of June to September. Lower
soil water content reduces water supply to trees, which then lead to lower tree water
potentials and partial stomatal closure. Partial stomatal closure, in turn, lead to
decreased branch transpiration and branch water use. Similar results have been reported
for needle level measurements by Seiler and Johnson (1985), Teskey et al. (1986),
Wullschleger et al. (1998), Eamus et al. (2000). Seiler and Johnson (1985) and Teskey
et al. (1986) reported needle level transpiration decreased under water stress in loblolly
pine seedlings. Wullschleger et al. (1998) studied whole-plant water use in understory
red maple (Acer rubrum L.) exposed to altered precipitation regimes in a throughfall
displacement experiment. They installed subcanopy troughs to intercept roughly 30%
of the throughfall and found that whole-tree water use and daily transpiration was lower
in the throughfall displacement experiment plots than in the non-displacement plots.
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Diurnal patterns of tree sap flux density and leaf or needle-level transpiration
have often been positively correlated with PPFD, VPD and plant water status (Meinzer
et al. 1995, Wullschleger et al. 1998, Oren et al. 1999). Meinzer et al. (1995) reported
that the daily course of transpiration of Miconia argentea (SW.) DC., Melastomataceae
plants appeared to follow both crown PPFD and VPD. Transpiration initially increased
as PPFD and VPD increased and remained relatively constant or slightly reduced as
light saturated conditions were reached and VPD approached a maximum value.
Wullschleger et al. (1998) studied the sap flux density of understory red maples and
found a strong dependency of transpiration on VPD. They observed that VPD was the
primary factor regulating transpiration within the shaded environmental of forest
understory and almost 80% of the variability in midday transpiration could be explained
by VPD. In the current study, SFDb followed a diurnal pattern similar to that of PPFD
and VPD. SFDb generally increased as PPFD and VPD increased. During cloudy days,
periods of rainfall, and the late afternoon, SFDb decreased as PPFD and VPD decreased.
SFDb and branch transpiration were related to precipitation and plant available
water in addition to VPD. Moreover, the influence of precipitation and plant available
water superceded that of VPD as water deficit was encountered. Mean SFDb and
branch transpiration were higher in early summer (June to July) than late summer
(August to September). In the early and late summer periods, rainfall was only 72.7%
(263.91 cm) and 27.3% (72.14 cm), respectively, of that during the entire growing
season,. As expected, a similar trend was observed with plant available soil water.
During early and late summer periods plant available water in the 0-100 cm soil profile
was 5.12 cm and 2.50 cm, respectively. Reduced plant available water, as well as high
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VPD, indirectly affected SFDb and transpiration by decreasing plant water potential and
stomatal conductance (Running 1980, Kozlowski et al. 1990, Meinzer et al. 1993,
Whitehead 1998, Tang et al. 1999c). Running (1980) reported seasonal changes in soil
available water affected leaf conductance of lodgepole pine (Pinus Contorta Dougl. ex
Loud.). Leaf conductance was 80% lower on August 9 than on July 6 when
temperature was similar for those two days and VPD slightly lower on August 9 than
July 6. He suggested this reduction was attributable to depletion of available soil water
in August causing a 120% decrease in predawn leaf water potential from -0.4 Mpa on
July 6 to -1.0 Mpa on August 9. Tang et al. (1999c) studied optimum physiological
responses of field-grown loblolly pine and reported that transpiration increased as VPD
increased but began to decline with VPDs exceeding 3.5 Kpa. In the current study,
lower sap flux density in late summer was the result of lower water supply to roots and
leaves and the inability to recover during the night. This hypothesis is supported by
predawn xylem pressure potential data from our research site. Specifically, mean late
summer predawn xylem pressure potentials (-0.86 MPa) were 12.5% more negative
than those in early summer (-0.76 MPa) (Tang, unpublished data).
SFDb in the upper and lower crown was compared with SFDt during June to
September. Mean SFDb was higher than both SFDb in the upper and lower crown
during late morning to early afternoon (10:30 am - 4:00 pm) period. Schulze et al.
(1985) reported a higher availability of stored water transpiration in the crown as
compared with main stem and observed a lag between upper and lower stem sap flux
density in Larix. Cermak et al. (1984) also reported branch sap flux started 30 minutes
earlier than in tree sap flux. In the current study, a lag between SFDt and upper crown
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SFDb occurred in the early morning. This lag in early morning probably suggests water
was immediately available in the leaves and branches (Schultze et al. 1985). In current
study, SFDt was higher than SFDb in the upper and lower crown during most of the
daytime, while lower crown SFDb was lower than upper crown SFDb. The results from
our study agree with Cermak et al.'s (1984) study. They found that sap flux density in
the tree was higher than in the branches, and the upper branches had a ten fold greater
transpiration rate than in lower branches.
Using transpiration measured at needle level to characterize ecophysiological
behavior may tend to magnify difference among species and individuals (Steinberg et
al. 1990) and difficult to scale up to tree and stand levels. Concurrent measurements of
water transport at multiple scales from needle level to branch and whole-tree levels may
help us understanding physiological processes at larger scales (Hinckley et al. 1994,
Andrade et al. 1998). In the current study, a multiple regression was developed to help
predict tree sap flux density and, furthermore, to predict whole-tree water use and
whole-stand tree water use from the sap flux density measured in upper and lower
crown branches. The further models can probably be further developed to integrate
transpiration from needle the level measured in porometry. The development of these
predictive models will help to improve the abilities of process-level models in
predicting tree physiological responses and tree growth at several levels of scale.
CONCLUSIONS
The lack of significant differences in sap flux density, or water use among
branches sampled in different cardinal directions from tree crowns suggests that, for a
specific crown level, the canopy environment is relatively uniform in pure loblolly pine
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plantations. Efforts to quantify whole-tree water use from branch water use and needle
transpiration require knowledge of directional and vertical variation. Absence of an
effect of cardinal direction on branch sap flux density in the current study reduces the
sampling intensity needed to scale needle transpiration measurements to whole-tree
water use.
The results in the current study suggest that shading of lower crown foliage
reduce branch level physiological activity in the lower crown of plantation-grown
loblolly pine. Specifically, shading in the lower crown by upper crown foliage reduced
lower crown branch sap flux density and transpiration per unit leaf area by 28.6% and
20.1%, respectively. Basal areas of the measurement plots in the current study were
21.6+3.4 m2 ha-1 in 1999 (Sword, personal communication). These basal areas
represent 45.2 + 8.1% of maximum stand density index for loblolly pine (Dean and
Baldwin 1993). Although the lower crown appeared relatively open, stand density
indices reflect crown closure (25%) (Dean and Baldwin 1993), and therefore, limited
canopy light conditions. Furthermore, mean daily branch sap flux density in the lower
crown was significantly reduced by fertilization. This effect could be attributed to a
fertilization-induced increase in crown leaf area resulting in mutual shading and lower
PPFD levels in the lower crown.
Mutual shading affects lower crown physiology and therefore, potentially affects
growth processes linked directly to lower crown function. This information suggests
that the vertical gradient of crown light and physiology is important to predictions of
whole-tree physiology. Moreover, predictions of whole-tree physiology should be done
with regard for cultural treatments that affect leaf area production.
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The results in the current study support the contention that fertilization affects
tree physiological processes through an increase in leaf area rather than an increase in
the rate of needle level or branch level physiology. Specifically, fertilization did not
affect branch transpiration per unit leaf area, but did increase daily branch water use as
a result of increased branch leaf area.
Predictions of tree and stand physiology in managed forests with needle level
physiological measurements must account for differences in leaf area caused by
fertilization or other cultural treatments. Furthermore, the effects of fertilization on
branch water use four years after treatment were observed. This suggests that
fertilization may have a prolonged effect on leaf area and branch physiological function.
Thus, the management history of forest stands may be an important tool for determining
how predictions of tree and stand physiology are made.
Throughfall exclusion decreased branch water use by 39.1% in a relatively dry
year. This result demonstrates the serious limiting nature of water availability to
southern pine physiological activity. Furthermore, tree improvement programs and
forest management activities that improve water availability and/or water uptake in
drought-prone environments will likely increase forest productivity through more
favorable physiological responses.
Evaluation of branch physiology in early and late summer demonstrated the
potential for a wide range of physiological activity throughout the growing season in
response to plant available water. In the current study during 1999, daily branch sap
flux density, midday transpiration per unit leaf area, and daily branch water use were
33.8%, 39.8% and 40.1% higher, respectively, in early summer than in late summer.
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Precipitation and plant available water were 265.8% and 104.8% higher, respectively, in
early summer than in late summer. The seasonal pattern of physiological activity
appears to be strongly controlled by plant available water in dry years. Furthermore, on
sites where reduced precipitation has a negative effect on plant available water, a
decline in branch physiology (photosynthesis and stomatal conductance) can be
expected.
The relationships between upper and lower crown branch sap flux density and
tree sap flux density reveal the relative role of upper and lower crown branches in
whole-tree physiology. In the current study, the ratio of branch and tree mean midday
sap flux density in the upper and lower crown was 0.85 and 0.67, respectively. The
small difference (21%) between these values demonstrates the importance of lower
crown branch function to whole-tree physiology at this research site. In open grown
trees, young plantations or older plantations at wider stand densities, the sap flux
density of upper and lower crown may be more similar than at the current research site.
Prediction equations developed between measurement scales in this study will
be useful to scale up water use from the branch level to tree and stand levels. However,
the relationship may vary in different tree species and forest environmental conditions
such as open or dense forest.
Research results indicate that tree and stand physiology is affected by spatial
variation in the canopy environment as well as climatic variables and management
activities that manipulate leaf area dynamics. Horizontal variation in the canopy
environment of pine plantations may not strongly affect tree and canopy physiology.
However, vertical variation in light availability greatly influences branch physiology
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and therefore, tree and stand growth. Efforts to model forest productivity by combining
information on physiology and environment must account for the vertical variation in
crown physiological function.
Global changes in climate that result in more variable precipitation and greater
extremes in temperature are anticipated. Physiologically based models are being
improved and new models are being developed to predict the impacts of climate change
on the productivity of future forests. The results of the current study suggest that
cultural treatments such as fertilization affect branch physiology by altering leaf area
and transpiration demand. Moreover, shifts in precipitation can reduce plant available
water and alter branch physiology. Ultimately, branch physiological responses drives
annual forest growth increment. Therefore, the response of leaf area dynamics to plant
available water and fertilization should be incorporated into physiologically based
models that predict forest water use, carbon dynamics and growth under various global
change scenarios.
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CHAPTER 5
OVERALL CONCLUSIONS AND IMPLICATIONS
Optimum use of cultural practices requires an understanding of linkages among
above and belowground responses to these practices at different measurement scales
(e.g. needle, branch, tree, and stand levels). Water flux through the soil and trees is an
easily measured, continuous physiological process that can currently be used to assess
the linkage of above and belowground physiological responses to environmental change
and cultural practices under ambient environmental conditions. The research reported
here evaluates cultural treatment and throughfall exclusion effects on sap flux density
(SFD) and water use for trees at the branch, individual tree, and whole-stand levels.
The studies also illustrate the relationship between SFD, and micro-environmental
conditions (e.g. photosynthetic photon flux density vapor pressure deficit, soil
moisture). In addition, seasonal effects are also presented.
The reported studies were conducted, concurrently, during 1999 in an 18-yearold loblolly pine (Pinus taeda L.) plantation in central Louisiana, four years after rethinning and re-fertilization. The first study was conducted to evaluate how radial depth
and tree size influenced SFD within the main stem of loblolly pine trees. Results of this
study were used to evaluate whole-tree and stand level measurements of tree SFD and
tree water use in the second reported study. The second study was used to evaluate the
effects of thinning, fertilization, and throughfall exclusion treatments on tree water use.
The last study reported assessed within-crown variation in the same parameters with
respect to cultural treatments and soil moisture.
Study of radial depth and tree size on SFD (Chapter 2) revealed that SFD varied
by radial position in the xylem and among tree diameter classes in an 18-year-old
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loblolly pine plantation. The results indicate that deeper layers of loblolly pine
sapwood still actively conduct water, but SFD decreases as xylem depth increases.
Similar to the results of other studies, SFD was highest at the outermost xylem position.
The data suggests that using SFD measurements from the outermost xylem position to
directly expand to whole-tree water use may significantly overestimate water use. SFD
variation among xylem depths must be taken into consideration in whole-tree water use
estimation.
SFD at the 0-2 cm xylem depth also varied by tree diameter class. Mean midday
SFD was higher in trees of large diameter classes (22 to 30 cm d.b.h.) than in trees from
medium and small diameter classes (10-22 cm d.b.h.). Higher SFD in larger trees could
be attributed greater tree leaf area of large trees.
The relationship between SFD and both xylem depth and tree diameter class (r2
= 0.92) indicates that SFD is negatively related to xylem depth and positively related to
tree diameter class. Since SFD measurements at different depths are time consuming
and expensive, this relationship would be useful to estimate loblolly pine whole-tree
water use once SFD was measured at the 0-2 cm xylem depth. Because changes in
radial xylem SFD may vary with species, tree size, and stand situation, it is suggested
that the relationship between SFD at inner xylem depth and at the outermost xylem
depth should be developed individually in different kinds of studies.
Across tree sizes, SFD was not significantly different among xylem depths at
depths beyond 6 cm. This result agrees with Lu et al.'s (2000) study. Therefore, we
suggest for large and medium trees (14 to 30 cm d.b.h.), multiple pairs of sensors
should be used to measure SFD at several xylem depths. The relationship established
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between SFD at the 0-2 cm xylem depth and inner xylem depths could then be used to
predict sap flux densities of other medium and large trees for which SFD was measured
at the 0-2 cm xylem depth alone.
In the current study, thinning caused prolonged positive effects on tree level
water use four years after re-treatment (Chapter 3). When compared to the unthinned
plots, tree SFD and whole-tree water use on the thinned plots were increased by 42%
and 221%, respectively. These responses are attributed to more space between trees for
crown exposure to solar radiation and foliage heating, a larger cross-sectional
conducting area per tree and a greater amount of leaf area per tree.
Four years after re-thinning and re-fertilization, fertilization still had a
significant positive effect in tree water use under some conditions. Fertilization
increased tree SFD and water use on the thinned plots but not on the unthinned plots. A
similar response to fertilization and thinning was observed with whole-stand tree water
use. Mean daily tree SFD, whole-tree water use, and whole-stand tree water use were
considerably higher in the fertilized treatment than in the unfertilized treatment within
the thinned plots. The higher tree SFD and whole-tree water use in fertilized treatments
are probably a result of a combination of sap flux responses to changes in tree leaf area,
light availability, and other micro-environmental factors. Where environmental
conditions are favorable, an increase in tree leaf area may result in an increase in
physiological activity and tree growth. In contrast to whole-tree water use, mean daily
tree water use at the stand level in the thinned treatment was less than in the unthinned
treatment. Lower whole-stand tree water use in the thinned treatment is attributed to the
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lower stand-level canopy leaf area that was maintained in the thinned plots compared to
the unthinned plots.
Knowledge of the interactions between thinning and fertilization and their
effects on leaf area changes within a stand are necessary to predict changes in standlevel water use. These effects can likely be inferred or predicted from thinning and
fertilization effects on tree and stand changes in basal area.
The relationships between tree water use and tree characteristics indicate that
tree water use was positive and linearly related to tree basal area or sapwood area
(r2 =0.91), tree leaf area (r2 =0.88), and tree live crown length (r2 =0.86). Results suggest
that for trees with little or no heartwood and active sapwood throughout, basal or
sapwood area may be a simple predictor to model tree water use and scale tree water
use from the tree level to the stand level. This may not be true for trees with significant
amounts of heartwood or inactive sapwood. Water use by other plants within these
stands are not accounted for by this type of scaling. Also, if crown leaf area changes
occur due to sudden environmental changes, crown leaf area will be better predictors of
tree and stand water use within a season or on a short-term basis.
Throughfall exclusion was designed to test drought effects on branch and tree
SFD and water use (Chapter 3 and Chapter 4). Throughfall exclusion decreased daily
branch water use and whole-tree water use by 39% and 31%, respectively. The
decreases in water use could be attributed to decreases in soil moisture and plant
available water induced by throughfall exclusion. The results of the current study
indicate that decreases in water availability will limit southern pine physiological
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activity and that improvement in water availability or water uptake in drought-prone
environments will likely increase tree growth and subsequently, forest productivity.
Efforts to quantify whole-tree water use from branch water use and transpiration
per unit leaf area, require knowledge of the horizontal and vertical variation associated
with these variables. Data discussed in chapter 4 indicate no differences in branch SFD
and water use among branches extending in different horizontal directions from the tree
stems. Vertically, however, shading in the lower crown by upper crown foliage reduced
lower crown branch SFD and transpiration per unit leaf area by 28% and 20%,
respectively. These results suggest vertical variation in light availability greatly
influence branch physiology and therefore, tree and stand growth.
Furthermore, mean daily branch SFD and transpiration per unit leaf area in the
lower crown were reduced by fertilization after four years re-treatment. This effect
could be attributed to a fertilization-induced increase in crown leaf area resulting in
mutual shading and lower PPFD levels in the lower crown. In contrast, although
reduced in the lower crown, branch SFD by fertilization, daily branch water use on the
thinned plots was increased 33% by fertilization. Responses of branch SFD,
transpiration per unit leaf area and branch water use to fertilization appear to be a
function of fertilization effects on leaf area, shading and branch size.
SFD at both the branch and tree level was affected by micro-environmental
factors and seasonal change. Generally SFD and water use at different levels (branch,
tree, and stand) was positively related to PPFD, VPD, and plant water status. In the
current study, SFD followed a diurnal pattern similar to that of PPFD and VPD.
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Moreover, seasonal changes in precipitation and plant available water greatly
affected SFD and water use at both the branch and tree level. SFD, water use, and
transpiration at both the branch and tree level were higher in early summer than in late
summer. Precipitation and plant available water were higher, in early summer than in
late summer. This information suggests that the seasonal pattern of physiological
activity is strongly controlled by plant available water, especially within a drought year.
The relationship between tree SFD and branch SFD in the upper and lower
crown were examined and the results suggest the relative roles of upper and lower
crown branches in whole-tree physiology. In the current study, the ratio of branch and
tree mean midday SFD in the upper and lower crown was 0.85 and 0.67, respectively.
The difference between upper and lower crown values demonstrates the importance of
lower crown branch function to whole-tree physiology at this research site. A
regression equation that predicts tree SFD as a function of branch SFD in the upper and
lower crown was developed in this study. It should be helpful for scaling up water use
from branch level to tree level and stand level. Further models for predicting forest
water use, carbon dynamic and growth that combine needle, branch, and tree level
physiology and environment under various global change scenarios need to be
developed.
Finally, it is important to note that the information derived from the whole tree
and branch level measurements of water use, in general, support the findings of many
previous studies that have used point measurements of leaf or needle physiology to
study tree response to environment and cultural practices. The cultural practice effects
revealed in the current series of studies closely parallel many of the conclusions drawn
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from previous studies on the same site using point samples of needle transpiration. The
integrated information from the current studies is however much more revealing in the
terms of effects of cultural treatments on individual tree and whole-stand tree water
loss. The information and predictive equations used to scale up from one measurement
level to another should be useful in visualizing the processes and differences that take
place at various levels of scale.
In summary, SFD and water use monitoring provide a convenient way to
quantify whole-tree physiological responses (water use) to cultural treatments and
environmental changes and will ultimately be used to provide for better management
decisions. Transpiration is a key component in the water use of forest stands. Wholetree water use is expected to be large to maximize carbon gain (Eamus et al. 2000).
Cultural practices, such as thinning and fertilization, significantly increased SFD and
whole-tree water use by accelerating leaf area development and modifying canopy
environment. In the fourth year after re-treatment, fertilization increased SFD and
water use only in thinned treatment. From a long-term viewpoint of forest
management, it appears that fertilizer should be applied in combination with thinning to
make the most efficient use of fertilization treatments. The relationships between tree
water use, cultural practices, other physiological responses, and growth revealed by
long-term monitoring of whole-tree sap flux should provide a more integrated way to
predict responses to cultural treatments and climate change. Modelling of these
responses will be extremely useful in future forest management and policy decision
making.
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Global changes in climate that result in more variable precipitation and greater
extremes in temperature are anticipated. The results from the current study indicate
decreases in precipitation that result in less plant available water will greatly affect
southern pine physiology. Tree improvement programs and forest management
activities that improve water availability or access in drought-prone environments are
anticipated to alter tree and stand physiology and subsequently, forest productivity. The
evaluation of the effects of these programs and cultural practices over a wide range of
conditions are now more likely with techniques, such a whole-tree sap flux
measurement. Funding for this type of research should be rapidly expanded to aid our
understanding and approach to management decisions in light of impending global
change scenarios.
Since sap flux measurements deliver much more information on a more
continuous basis and are more help in assessing stand level impacts, the future work is
needed to scale physiological processes from the needle level up to branch-, tree-, and
stand level by combining physiological data measured at needle level and SFD
measured at branch and tree level at the same site. The growth data of trees and roots
measured at the same site also need to be combined with physiological measurement
data to determine the relationship between tree growth and water use in the above and
below-ground under cultural treatment and microenvironment changes.
This study was conducted in a drier than normal year (1999), having only 79.6%
of the average normal annual precipitation (1102 mm vs. 1384 mm). The results should
be interpreted in light of the drier than normal conditions and more studies are needed
to confirm the effects during years of normal and greater than normal rainfall.
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